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1.1 Bone remodelling and tissue mechanics 
Bone is a metabolically active tissue capable of adapting its shape and structure to 
mechanical stimuli and repairing structural damage through the process of remodelling. 
Bone remodelling, the resorption of bone followed by focal bone formation by the 
basic multicellular unit (BMU), is carried out by active bone resorbing osteoclasts and 
is followed by bone formation by osteoblasts. The regulation of these two arms of 
remodelling is not necessarily sequential, but are probably multidirectional and highly 
regulated so that the volumes of bone resorbed and formed are titrated in a manner 
appropriate to the local mechanical requirements (Parfitt, 2001).  
Described as the biological process of activation→resorption→formation (A→R→F), 
the adaptive and reparative bone remodelling can be affected by a number of stimuli 
(i.e. hormones, cytokines, and mechanical signals) (Turner et al., 2009). For the 
mechanical signals, specifically, osteocytes within the bone are believed to sense the 
signals, and further convert them into biochemical signals to trigger cellular responses 
(a process called mechanotransduction) (Huang et al., 2004). Further, osteocyte 
apoptosis is believed to involve in the mechanism to attract osteoclasts to sites that 
develop a bone-remodelling unit. The loading-induced micro-cracks impair osteocyte 
processes in their canaliculi, causing osteocyte apoptosis (Hazenberg et al., 2006). 
These apoptotic osteocytes will provide topographical information needed to identify 
the location and size of the damage. In this way, osteocytes might also contribute to 
direct bone remodelling (Seeman, 2006; Verborgt et al., 2000).  
Piles of studies have enriched our understanding on how the mechanical signals are 
converted into an anabolic or catabolic bone response. In brief, when mechanical 
loading is applied at low- (associated with relatively high-magnitude) or high- 
(associated with relatively low-magnitude) frequency, the bone will experience the 
deformation, which is defined as strain. The strain can induce a fluid flow in the bone 
lacuna-canalicular bone matrix, which will be sensed by the bone cells (mainly 
osteocytes), which in turn will trigger the down-stream signal cascades. The activity of 
bone functional cells, osteoblasts and osteoclasts, will then be mobilized and remodel 
the bone (Figure 1.1) (Bonewald and Johnson, 2008; Ehrlich and Lanyon, 2002; Judex 
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et al., 2009; Turner, 2006). 
 
Figure 1.1 Schematic representation of the central role of osteocytes in bone 
remodelling. Osteocytes sense the mechanical load and subsequently produce 
signaling molecules that can regulate the activity of the effector cells, the osteoclasts 
and the osteoblasts, which subsequently leads to adequate bone mass and architecture. 
OB, osteoblast; OCL, osteoclast. (Klein-Nulend J, et al., Bone 2013) (Reprinted from 
Bone, 54(2), Klein-Nulend J, Bakker AD, Bacabac RG, Vatsa A, Weinbaum S, 
Mechanosensation and transduction in osteocytes, 182-90, Copyright (2013), with 
permission from Elsevier). 
Extensive research indicates that not only the basic loading components (e.g. 
magnitude and frequency), but also other load parameters play a role in the resulting 
bone response to mechanical loading. According to contemporary literature, the 
following notions were made (Burr et al., 2002; Judex et al., 2009; Ozcivici et al., 
2010a; Robling and Turner, 2009): (1) dynamic rather than static loading leads to bone 
remodelling; (2) the anabolic response can be initiated by very little mechanical stimuli 
(e.g. a few strain cycles and/or a short loading time in minutes or seconds); (3) bone 
cell accommodation: an initial change in bone (re)modelling by mechanical stimuli will 
eventually die out as the bone cells accommodate to the new environment; (4) recovery 
of the mechanical sensitivity of the bone cells: a load-free resting time between loading 
cycles or sessions can help regain the sensitivity. 
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1.2 Osseointegration and peri-implant bone healing: effect of  loading 
Osseointegration refers to a direct structural and functional connection between 
ordered, living bone and the surface of a load-carrying device/implant (Branemark, 
1959; 1983). Besides the above concept by Branemark, more definitions of 
osseointegration have been adopted at multiple levels, including clinically (Adell et al., 
1981), anatomically (Branemark et al., 1983), histologically, and ultrastructurally 
(Linder et al., 1983), broadening the meaning of osseointegration from different 
aspects.  
In skeleton biology, the mechanical and histological response of bone to trauma has 
been intensively studied. Similar to the process of bone trauma healing, main host 
responses and histological events (including hematoma formation, mesenchymal tissue 
development, woven bone formation through the intramembranous ossification, and 
lamellar bone formation via remodelling of woven bone) are observed during the peri-
implant bone healing and hence lead in most cases to the successful connection of bone 
to the implant, coined  osseointegration (Davies, 2003). Accordingly, these histological 
changes will be addressed by three events, e.g. the host tissue response to implantation, 
peri-implant bone formation and peri-implant bone remodelling. As widely recognized, 
the healing can be influenced by the surgical technique as well as by host-related 
(immune response, vascularization, bone type, systemic diseases, etc.), implant-related 
(surface properties, design, etc.), environmental (e.g. oral microflora, smoking), and 
biomechanical factors (Fini et al., 2004; Liddelow and Klineberg, 2011; Novaes et al., 
2010; Soballe et al., 1992). 
1.2.1 Initial tissue response to implantation 
Although not fully understood yet, a cascade of cellular and extracellular biological 
events occurs at the bone-implant interface, which determines the early tissue response 
as well as the bone formation at the interface thereafter. The first biological component 
in contact with an endosseous implant is blood. After being entrapped at the implant 
surface, the blood cells are activated and hence release cytokines and growth factors 
(Davies, 1998). Around the implant, the newly formed blood clots result in a fibrin 
network serving as an osteoconductive scaffold for the migration of osteogenic cells 
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and induce the eventual differentiation of these cells in the healing compartment 
(Berglundh et al., 2003; Davies, 1998; Meyer et al., 2004).  
With the conduction of the fibrin clot, the osteogenic cells (i.e. pre-osteoblasts and/or 
mesenchymal cells) can migrate and attach to the implant surface as early as the first 
day of implantation. Successively, they deposit bone-related proteins and create a 
noncollagenous matrix layer on the implant surface that regulates cell adhesion and 
binding of biomolecules. Similar to the bone cement lines and laminae limitans that 
forms a continuous and thick layer rich in calcium, phosphorus, osteopontin and bone 
sialoprotein (Meyer et al., 2004; Murai et al., 1996), this matrix is an early-formed 
calcified afibrillar layer on the implant surface, allowing further bone formation. 
During the bone healing, the newly formed bone is laid down on the resorbed surface 
of the pre-existing bone after osteoclastic activity. Meanwhile, cement lines of poorly 
mineralized osteoid define the area where bone resorption was completed and bone 
formation initiated. A few days after implantation, osteoblasts were found to deposit 
collagen matrix directly on the early formed cement line/lamina limitans layer along 
the implant surface (Meyer et al., 2004). In the process of matrix secretion and 
mineralization, some osteoblasts become entrapped and buried in the calcifying matrix, 
which later on are clustered as osteocytes in bone lacunae (Murai et al., 1996). 
1.2.2 Peri-implant bone formation 
The bone formation in the peri-implant region, via intramembranous ossification, can 
occur in two directions (Davies, 1998; 2003): (1) the healing of the pre-existing bone 
approaching to the biomaterial (distance osteogenesis); (2) the new bone extending 
from the implant toward the pre-existing bone (contact osteogenesis / de novo bone 
formation).  
The early deposition of new calcified matrix on the implant surface results in an early 
implant anchorage. Containing a sufficient vasculature, marrow tissue supports active 
recruitment of mononuclear precursors for osteoclasts so that bone trabeculae remodel 
faster than cortical bone (Franchi et al., 2005). 
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With the establishment of early implant osseointegration, a certain degree of resistance 
to early implant loading is achieved. This bony network also offers a biological 
scaffold for further cell attachment and bone deposition resulting in biological fixation 
(Franchi et al., 2005; Probst and Spiegel, 1997). Successively, peri-implant woven 
bone is remodelled into lamellar bone that may reach a high degree of mineralization. 
(Probst and Spiegel, 1997). 
1.2.3 Peri-implant bone remodelling 
Peri-implant bone undergoes remodelling as adaptation to mechanical loading. The 
turnover of peri-implant mature bone in osseointegrated implants is confirmed by the 
presence of basic multicellular units (containing osteoclasts, osteoblasts, mesenchymal 
cells and lymphatic/blood vessels) in the neighborhood of the implant surface (Franchi 
et al., 2005; Matsuo et al., 1999; Slaets et al., 2006; 2007; Slaets et al., 2009). 
Peri-implant bone remodelling actually starts early after implantation. Recent studies 
on early osseointegration (from hours to days) have demonstrated that the upregulation 
of genes responsible for bone formation ALP (alkaline phosphatase, ALP) and OC 
(osteocalcin, OC) was coupled with upregulation of genes expressed by osteoclasts 
indicating that the bone remodelling phase is triggered much earlier than what has 
previously been assumed (Omar et al., 2010; Omar et al., 2011). Similar results were 
observed with other surfaces where the over expression of collagen 1 and OC was 
coupled with higher expression of TRAP (tartrate-resistant acid phosphatase, TRAP) in 
cells adherent to coin titanium implants retrieved from rabbit tibia after 8 weeks of 
implantation (Monjo et al., 2008). An intimate cross-talk is established between 
osteogenic cells and osteoclasts, e.g. the surface receptor RANK (receptor activator of 
NF kappa B, RANK) on osteoclasts recognizes and binds to osteoblast membrane-
associated factor RANKL (receptor activator of NF kappa B ligand, RANKL) during 
the osteoclastic differentiation from the monocytic lineage (Katagiri and Takahashi, 
2002). The presence of basic remodelling units in the peri-implant bone can already be 
observed 7 days after implantation (Slaets et al., 2006; Slaets et al., 2007). 
Taken together, active bone resorption and bone formation processes are taking place 
over a wide time range and starting already during the first days after implantation. 
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1.2.4 Effect of mechanical loading on peri-implant bone healing 
Peri-implant bone healing involves bone apposition and remodelling. At the cellular 
level, the invasion of capillaries into the mesenchymal zone, as well as the 
differentiation of mesenchymal cells into osteoblasts are crucial for the healing process. 
Abundant evidence has shown that the differentiation of mesenchymal cells into 
osteoblasts is tightly regulated by mechanical loading (Kelly and Jacobs, 2010). 
According to in vitro studies, once loaded via oscillatory fluid flow, a series of 
biological responses of mesenchymal cells to the loading occurs and hence leads to the 
osteoblast differentiation including increased intracellular Ca
2+
, higher proliferation 
rate, upregulation of osteoblastic genes (e.g. Runx2, Sox9), and decreased ALP activity 
(Arnsdorf et al., 2009; Li et al., 2004). A relevant finding, which confirmed the effect 
of mechanical loading on peri-implant osteogenesis and angiogenesis, was reported by 
Geris et al. (Geris et al., 2010). They revealed the consistence between the results of 
mathematical modelling and in vivo experiments, and hence indicated that the 
stimulation of mechanical loading indeed affects the angiogenic and osteogenic 
processes (i.e., osteoblast and endothelial cell proliferation and osteogenic MSCs 
differentiation) during implant healing. 
In brief, mechanical loading does affect peri-implant bone healing by (1) directing 
neighboring mesenchymal cells into osteoblasts for intramembranous ossification and 
by (2) influencing peri-implant bone remodelling favoring bone gain. The latter, i.e. the 
effect of mechanical loading on bone remodelling, has widely been acknowledged 
1.3 Effect of in vivo mechanical loading on peri-implant healing and clues from 
skeleton research 
For a long time, it was assumed that premature loading limited the peri-implant 
osteogenesis, favoring a peri-implant fibrous tissue formation, thereby preventing 
osseointegration. A direct bone-to-implant contact (osseointegration) was not 
established as required for predictably withstand functional loads (Branemark et al., 
1977; Branemark et al., 1983). On the contrary, controlled mechanical loading does 
even promote peri-implant osteogenesis (Meyer et al., 2004; Romanos et al., 2003; 
Romanos, 2004; Simmons et al., 2001a). Peri-implant tissue formation is strongly 
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related to the local mechanical environment at the bone-implant interface during 
healing (Szmukler-Moncler et al., 1998; Vandamme et al., 2007c). 
As mentioned previously, loading magnitude and frequency are the basic components 
of dynamic mechanical loading, which will lead to a range of strains and strain rates in 
the bone. To address the findings of in vivo studies about mechanical loading and 
adaptive/reparative (peri-implant) bone remodelling, we reviewed and sorted these 
studies by two loading categories the so-called: ―low-‖ (< 10Hz) and ―high-frequency‖ 
(> 10Hz) loading.  
1.3.1 Mechanical loading at so-called “low-frequency” (< 10”Hz) 
1.3.1.1 Clues from skeleton research 
During the eighties of the last century, in vivo experiments have been performed to 
investigate the effect anabolic mechanical signals at low-frequency (< 10Hz) on the 
skeleton. Most studies have focused on loading magnitudes that are relatively large (i.e. 
the load-induced deformation is higher than the suggested remodelling threshold of ～
1000 με) (Frost, 2004). Other variations, including loading waveform, duration, rest 
interval between loading events and strain rate, were addressed as well.  
In table 1.1, we summarized in vivo studies indicating the anabolic effect of low-
frequency mechanical loading, e.g. leading to the periosteal bone formation (Lee et al., 
2002), inhibiting disuse-induced bone loss (Inman et al., 1999) and facilitating the 
early callus formation during fracture healing (Takeda et al., 2004). Within a range of 
parameters (e.g. magnitude, frequency and loading duration), several clues are noted.  
(1) Effect of loading magnitude:  up to a certain limit, a higher loading magnitude, 
inducing a higher strain, is associated with increased osteogenic response (Cullen et al., 
2001; Forwood et al., 1998; Gross et al., 2002; Mosley et al., 1997; Silva and Brodt, 
2008).  
 (2) Effect of loading frequency: according to Warden and Turner (Warden and Turner, 
2004), an increased loading frequency can lead to an improved response with a plateau 
of 5-10Hz. At the same time, they also reported that the change of loading frequency 
did not significantly influence the mechanical strain per unit load (Warden and Turner, 
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2004). Hence, under the same loading magnitude, this improved response by increased 
loading frequency can be explained by the growth in number of loading events per unit 
time. Not surprisingly, when loading cycles were solely prolonged, more bone 
response can be found (Cullen et al., 2001). 
(3) Combined effect of loading magnitude and frequency (i.e. strain rate): in a 
compressive loading model of the rat ulna, an interesting fact was revealed that less 
loading magnitude was required to evoke the bone (re)modelling when loading 
frequency was increased (Hsieh and Turner, 2001). The importance of the combined 
effect (i.e. strain rate) was then subject to investigation and was proven (LaMothe et al., 
2005; Mosley and Lanyon, 1998). 
(4) Cell accommodation and recovery: the mechanical loading causes an initial change 
in bone (re)modelling, but the reaction will eventually die out as the bone cells 
accommodate to the new environment (Cullen et al., 2000). As stated by Turner 
(Turner, 1999), bone cells continuously adjust their mechanosensitivity in response to 
their mechanical loading history. To either recover the mechanosensitivity or retard the 
cell accommodation, the loading strategy of applying a load-free interval between 
loading sessions (Robling et al., 2001a) or loading cycles (Srinivasan et al., 2003; 
Srinivasan et al., 2007) has been tested and been proven to result in more bone 
response than the continuous loading. 
(5) Resonance effect: the stochastic resonance can be evoked by a low-frequency 
loading when composed with a vibration. Under the condition of stochastic resonance, 
a significant increase of new bone formation on the periosteal surface was reported, 
when compared to the unloaded control and the low-frequency loading alone (Tanaka 
et al., 2003). 
The site-specific response of host bone to loading seems to be related to the loading 
magnitude. With the local strain less than 1000 με, more active bone (re)modelling was 
found at the trabecular site than the cortical site (Fritton et al., 2005). Under the 
loading regimes resulting in around 2000 με at the midshaft of both tibia and ulna, the 
cortical bone adaptive response to loading was more pronounced in the tibia compared 
to the ulna (Kuruvilla et al., 2008). The authors proposed that the difference might be 
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due to the variation of the osteoblast density and cell sensitivity to loading between 
tibia and ulna. When the local strain of around 3000 με was achieved, the osteogenic 
response was found at both cortical and trabecular sites (De Souza et al., 2005; Lee et 
al., 2002). 
1.3.1.2 Implant studies 
1.3.1.2.1 Direct implant loading via force-controlled loading through the implant 
axis 
A series of studies was carried out to explore the effect of mechanical loading through 
bending force on implant osseointegration (De Smet et al., 2005; De Smet et al., 2006; 
De Smet et al., 2007; 2008). Screw-shaped implants were installed in the distal part of 
guinea pig tibiae, mainly consisting of cortical bone, and a sinusoidal loading was 
applied 1 week after implant installation. The implant stability (measured by resonance 
frequency) was increased due to the mechanical loading regime (De Smet et al., 2005). 
When loading regimes with different strain rates (from 1620 to 12000 με/s) were 
applied, the lowest strain rate loading regime (1620 με/s, corresponding to 3 Hz and 
540 με) induced a significant increase in bone mass in the medullar cavity around the 
implant surface. This implies an inverse correlation between strain rate amplitude and 
peri-implant bone response (De Smet et al., 2006). When the strain rate was kept 
constant at 1600 με/s, the low-frequency high-magnitude loading protocol (3 Hz 533με) 
induced the most bone formation in the medullar cavity (De Smet et al., 2007). 267με 
at 3 Hz with 800 με/s appeared to be the optimum loading regime, compared to both 
lower and higher strain rates (133με-3 Hz-400με/s, 533με-3Hz-1600με/s respectively) 
(De Smet et al., 2008). 
This loading regime did not have the same effect in a rabbit tibia model though. 
However, an increased new bone formation was observed in the endosteal and 
periosteal area (Slaets et al., 2009). To determine the effect of axial loading on the 
peri-implant bone formation, Clark et al. (Clark et al., 2005) applied a conventional 
cyclic loading protocol on implants, which were installed in the proximal femur region 
of the rabbit and were left to heal for 6 weeks before the mechanical stimulation. After 
a 12-day mechanical stimulation (200mN-1Hz-10min/day), a significantly greater bone 
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volume, endocortical osteoblast-like cell number per bone surface (BS), mineral 
apposition rate (MAR), and bone-formation rate (BFR/BS) than the contralateral 
control were found. The above mentioned data support the idea that mechanical forces 
delivered by axial loading of the implant can stimulate the peri-implant bone formation 
and increase the osseointegration. 
1.3.1.2.2 Direct axial implant loading via displacement-controlled micromotion 
through the implant axis 
Several experiments indicated that the micromotion at the tissue-implant interface, 
caused by ―excessive‖ mechanical forces applied too early in the osseointegration 
process,  can lead to fibrous encapsulation and subsequent implant loosening (Brunski 
et al., 2000; Cameron et al., 1973; Pilliar et al., 1986; Soballe et al., 1992). It has been 
suggested that the early micromotion leads to the differentiation of cells at the bone-
implant interface into fibroblasts that produce a fibrous capsule around the implant 
instead of the desired bone (Szmukler-Moncler et al., 1998). Although some degree of 
micromotion is tolerated, a certain threshold should not be surpassed. This threshold is 
set at various levels by different researchers. The studies, however, are difficult to 
compare due to the differences in study set-ups, e.g. different surgical techniques, 
implant loading conditions, implant geometry, implant surface, and implantation site 
(related to bone quality). An implant displacement of 100 µm, for instance, does not 
necessarily lead to an interfacial micromotion of 100 µm. The factors, including 
implant design and surface roughness, affect the actual resultant micromotion at the 
interface. A study on the effect of a pure micromotion on implant osseointegration 
revealed that a micromotion as small as 30 µm might already impair osseointegration 
(Duyck et al., 2006). 
The implant loading, however, does not lead solely to micromotion at the bone-implant 
interface, but also to the transfer of forces to the surrounding tissues. Whereas 
interfacial micromotion tends to have a compromising effect on implant integration, a 
favorable force transfer might have a positive effect on the latter. The proportion of 
micromotion and force transfer depends on the degree of osseointegration and other 
factors such as implant geometry, surface characteristics, etc. For example, a centrally 
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applied load does not necessarily coincide with the micromotion at the bone-implant 
interface when the direction of the implant movement differs from that of the bone-
implant interface. In addition, the tissues between screw threads or porosities are 
protected from the full impact of the centrally applied load, leading to a less micro-
motion at the bone-implant interface.  
By use of a bone chamber model in rabbit tibia, Duyck and co-workers proved that 
well-controlled immediate implant loading can enhance the peri-implant bone quantity 
and quality, and accelerate the implant osseointegration in case of a restriction of 
interfacial micromotion and a good force transfer from the implant towards the 
surrounding tissues (Duyck et al., 2006; Duyck et al., 2007; Vandamme et al., 2007a; 
Vandamme et al., 2007b; c). Both implant design (screw-shape instead of cylinder) 
and surface roughness favored the mechanical stimulation of the peri-implant tissues 
and therefore enhanced peri-implant bone healing and osseointegration. The screw-
shaped implant design not only improved the primary stability by increasing the 
implant bone contact surface, but also promoted osseointegration by providing a 
favorable local mechanical environment for bone formation, compared with the 
cylindrical implant.  
Leucht et al. (Leucht et al., 2007) applied a 150 μm micromotion (1Hz, 1min/day, 
7days) to implants inserted in tibiae of mice, immediately after implant insertion. They 
found that in areas of excessively large strains (i.e. at the base of the implant), 
osteochondroprogenitor cells occupied the site but failed to differentiate into 
osteoblasts. However, osteoblast differentiation and bone matrix deposition took place 
in close proximity to the implant surface where moderate strains predominated. A 
histological assessment of the gap regions indicated that the amount of new bone that 
formed by post-surgical day 7 in the motion cases was equivalent to the amount of new 
bone that was formed by day 14 in the stable implants. Collectively, the moderate 
strain induced by axial micromotion could increase osteogenesis around the implant. 
1.3.1.2.3 Direct implant loading perpendicular to the implant axis 
Besides loading through the implant axis, the lateral loading was applied in several 
studies to assess its effect on the peri-implant bone response. By use of bone 
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scintigraphy, the effect of loads applied by lateral coil springs on the peri-implant bone 
metabolism was evaluated 8 weeks after implant installation in the rabbit tibia (Sasaki 
et al., 2008). The highest metabolic activity was observed in the animals that received 
more loading (2N vs. 4N) and was increased in a time-dependent way. A stepwise 
loading protocol was applied on the same animal model after an implant healing time 
of 3 months (Wiskott et al., 2008). No significant difference in the bone-to-implant 
contact was found between the loading and control animals. An increased bone volume 
and density were observed, however, in the peri-implant area in the loading group by 
microcomputer tomography analysis. The controlled lateral force seemed to improve 
the peri-implant bone and at least maintain the implant osseointegration. For implants 
exhibiting mucositis or ligature induced peri-implantitis, the static lateral loading (1) 
failed to induce peri-implant bone loss, or (2) failed to enhance the bone loss  
(Gotfredsen et al., 2002). 
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Table 1.1 In vivo studies of mechanical loading at “low” frequency 
Range of local 
peak strain(με) 
Research 
target 
Loading 
system 
Local peak 
strain (με) 
Frequency 
(Hz) Wave form 
Timing (cycles, 
durations) Results Reference 
≤1000 mouse, tibia 
horizontal 
oscillatory 
loading on 
tibia 
wild-type mice, 
720 ± 90 με; 
IGF-1-
overexpressing 
mice, 600 ± 75 
με 
1 haversine 100 cycles/session, 4w 
↑periosteal bone formation in wild-type mice; 
↑↑periosteal bone formation in IGF-mice 
Gross et al., 
2002 
 mouse, ulna compressive 735 
2(with/witho
ut vibration 
for SR) 
haversine 30 s/day, 2days 
↑↑new bone formation on the periosteal 
surface by loading + vibration; 
↑new bone formation on the periosteal surface 
by loading alone 
Tanaka et al., 
2003 
 mouse, tibia compressive 800 4 
a load ramp of 
0.075s duration 
followed by a 
unload ramp of 
0.075s 
1200 cycles/day, 5 
days/week, 2/6weeks 
↑mineral content in the cortico-cancellous 
proximal metaphysic (14%) and in the 
cortical mid-shaft (2%); 
↑bone volume fraction (15%); 
↑average trabecular thickness (12%) 
Fritton et al., 
2005 
 mouse, tibia 
3-point like 
bending 
system 
900/1400 1 n/a 100 cycles/day, 5days 
for loading of 900 με, no difference of 
BFR/BS between loaded wild-type mice and 
loaded thrombospondin 2 knock-out mice; 
for loading of 1400 με, a significant two-fold 
increase in BFR/BS was in loaded 
thrombospondin 2 knock-out mouse 
Hankenson et 
al., 2006 
 mouse, tibia 
3-point like 
bending 
system 
1000 1 trapezoidal 60 s, 5 days/week, 4 weeks 
higher strain rates evoked greater adaptive 
responses on the periosteal surfaces in mature 
bone 
LaMothe et 
al., 2005 
 mouse, tibia 3-point like bending 1000/1250/1600 1 
trapezoidal (10-s 
rest at zero load 
inserted between 
each load cycle) 
10/50/250 cycles/day, 
3 days/week, 3 weeks 
effect on the bone formation: 1600 ＞1250 ＞
1000με; 
↑periosteal bone formation rate by rest-period 
insertion 
Srinivasan et 
al., 2007 
 mouse, tibia 3-point bending 1000/2000 1 triangle 
60 cycles/day, 5 
days/week, 2weeks effect on bone formation: 2000με＞ 1000με 
Silva and 
Brodt., 2008 
 rat, tibia 4-point bending 800/1000 2 sinusoidal 
40/120/400 cycles, 3 
days/week, 3 weeks 
at constant frequency, as number of cycle↑, 
the bone response↑ 
Cullen et al., 
2001 
1000～2000 mouse, tibia 
horizontal 
oscillatory 
loading on 
tibia 
1200/2400 in 
tibia mid-shaft 1 trapezoidal 
50 cycles/d, with or 
without 10/20 s rest 
time between each 
cycle, 2 w 
For the loading of 1200με, loading with 10-s 
rest time insertion ↑periosteal bone 
formation rates 2-fold higher than that of the 
pure loading group in aged mice; 
no extra benefit of bone formation was 
found by increasing loading magnitude or 
increasing time of rest 
Srinivasan et 
al., 2003 
 mouse, tibia/ulna compressive 1200/1350 10 trapezoidal 
40 cycles,10-s' rest 
between each cycle, 3 
d/w, 2 w 
↑osteogenic response in trabecular and 
cortical bone by combination of loading 
with PTH treatment 
Sugiyama et 
al., 2008 
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 mouse, ulna 
compressi
ve 1750±204 
1/5/10/20/
30 haversine 
5 min/day, 3 
days/week, 4 
weeks 
Loading frequency had no effect on 
mechanical strain per unit load 
Warden 
and turner. 
2004 
 rat, tibia 4-point bending 1200 2 n/a 
36 cycles/day, 
6/12/18 weeks 
↑periosteal lamellar bone formation; 
periosteal formation is elevated 
transiently for 6–12 wk and returns to 
age-matched control levels by week 18 of 
loading. 
After 12 wk of loading, bone adaptation 
reached a steady state. 
Cullen et 
al., 2000 
 rat, tibia 4-point bending 1400 2 n/a 
36 cycles/day, 3 
weeks 
↑periosteal mineralization and 
maintained bone mineral density; 
attenuating the loss in bone strength 
incurred with disuse and concurrent 
calcium deficiency 
Inman et 
al., 1999. 
 rat, tibia 4-point bending 
1756/2001/24
67 2 haversine 
36 cycles/day, 3 
days/w, 3 weeks 
collagen-induced arthritis↓bone 
formation induced by mechanical 
loading. 
Kameyama 
et al., 2004 
2000～000 mouse, ulna/tibia 
compressi
ve/4-point 
bending 
2000 2 haversine 
99 cycles/day, 3 
days/week, 
3weeks 
↑bone formation greater in the tibiae than 
the ulnae 
Kuruvilla,et 
al., 2008 
 mouse, ulna 
compressi
ve 2000 4 trapezoidal 
10 min, at a strain 
rate of 0.1 sec (-1) 
for 5 days/week 
for 2 weeks. 
↑lamellar periosteal bone formation; 
no endosteal response 
Lee et al., 
2002 
 mouse/rat, ulna 
compressi
ve 2200 2 n/a 
360 cycles/day, 
1/2 days 
↓↓Sost transcripts and sclerostin protein 
levels 
Robling et 
al., 2008 
 mouse, ulna 
compressi
ve 2566±315 
1/5/10/20/
30 haversine 
120 cycles/day, 3 
days 
↑cortical bone adaptation with increasing 
loading frequency up to 5–10 Hz; 
to plateau with frequencies beyond 10 
Hz. 
Warden 
and Turner. 
2004 
 rat, ulna compressive 2000 2 
ramped 
square wave 
10 min, killed after 
6 hours 
↑eNOS protein expression in 
osteoblast/osteocyte lineage; 
no effect on the eNOS mRNA. 
Zaman et 
al., 1999 
 rat, tibia 4-point bending 2400 2 haversine 
36 cycles(pulse 
every 0.5, 3.5, 7 or 
14 s rest), 15 days 
8 h of recovery was sufficient to restore 
full mechanosensitivity to the cells 
Robling et 
al., 2001(b) 
 rat, tibia 4-point bending 2500 2 haversine 
36 cycles/day, 
3days/w, 2 weeks 
BPM7↑loading-induced endosteal 
lamellar bone formation rate 
Cheline et 
al., 2002 
 rat, tibia 4-point bending 420 - 2664 2 haversine 
18 sec, every 
second day for 10 
days 
↑new bone formation at periosteal and 
endocortical surfaces with a dose 
response to the loaded strain 
Forwood et 
al., 1998 
≥3000 mouse, tibia 
compressi
ve 500-3000 
2Hz(with 
10s rest-
period 
between 
cycles) 
n/a 
40 cycles/days, 3 
days/week, 2 
weeks 
↑both trabecular and cortical bone in the 
tibia 
De Souza 
RL et al., 
2005 
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 mouse, ulna 
compressi
ve 3000 4 trapezoidal 
10 min, at a strain 
rate of 0.1 sec (-1) 
for 5 days/week 
for 2 weeks. 
↑a mixed woven/lamellar periosteal 
response and lamellar endosteal bone 
formation. 
Lee et al., 
2002 
 rat tibia/ulna 
4-point 
bending/co
mpressive 
3000/3600 2 haversine 360 cycles/day, 9 days 
loading-induced bone formation ↓by PTH 
inhibitor 
Li et al., 
2003 
 rat tibia/ulna 
4-point 
bending/co
mpressive 
3000/3400 2 haversine 360 cycles/days, 
loading-induced BFR and MS/BS ↓by 
Cox-2 inhibitor 
on effect on loading-induced MAR 
Li et al., 
2002 
 rat ulna compressive 3400 2 
ramped 
square wave 10 min/d 
loading-induced bone response was 
involved by the activity of estrogen 
receptor alpha 
Zaman et 
al., 2006 
 rat, ulna compressive 4000 2 
ramped 
square wave 
1200 cycles/day, 5 
days 
neither a single nor five consecutive daily 
periods of in vivo mechanical loading 
produced any significant effect on 
different NOS isoform mRNA expression 
Zaman et 
al., 1999 
 rat, ulna compressive 4000 2 trapezoidal 
1200 cycles were 
applied on days 4–
8 and 11–15, 
inclusive. A 
standard high 
dwell time of 50 
μsec was used, 
when the load was 
held constant. 
a high rate of strain change provides a 
greater osteogenic stimulus than the same 
peak strain achieved more slowly 
Mosley and 
Lanyon. 
1998 
 rat, ulna compressive 
1610,2640,36
60,4680/850,
1400,1950,25
00/360,580,8
00,1020 
1/5/10 haversine 
360 cycles/day, 5 
days/week, 2 
weeks 
↑periosteal rBFR/BS and rMS/BS in a 
dose-response manner with peak 
compressive strain and frequency; 
Loading frequency would affect the 
positive dose-response relationship 
between mechanical strain and 
osteogenesis 
Hsieh & 
Turner.200
1 
Not 
mentioned rat, tibia 
compressi
ve and 
distractive 
n/a 1 sine 
30 min/day, 3 
days/week, 3 
days/1w/2w 
↑callus formation in the early stage of 
bone fracture healing 
Takeda et 
al., 2004 
 rat, ulna/tibia 
compressi
ve n/a 1 sinusoidal 
300 cycles/day, 4 
days 
protein expression of GluR ↑in bone 
lining cells 
Szczesniak 
et al., 2005 
 rat, tibia 4-point bending n/a 2 haversine 
300 
cycles,7days,2/3/4/
5 weeks 
COX-2 inhibitor postponed the increased 
woven bone formation induced by 
loading 
Gregory, et 
al., 2007 
 rat, tibia 4-point bending n/a 2 haversine 300 cycles ↑IGF gene expression in osteocytes 
Reijnders 
et al., 2007 
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In summary, the mechanical loading at low-frequency has shown its potential to 
improve osseointegration and peri-implant bone healing. However, the so-called 
“optimal” loading protocol (i.e. loading magnitude, frequency spectrum and 
loading mode) still has to be defined. 
1.3.2 Mechanical loading at so-called “high-” frequency (> 10 Hz) 
1.3.2.1 Clues from skeleton research 
Bone can respond to very small mechanical loading when applied at high-frequency. 
Table 1.2 shows the findings of in vivo studies on this theme. The loading frequency 
seems to be a more determinant factor compared to loading magnitude in case of high-
frequency loading (Judex et al., 2007). The inspiring point is that the therapeutic 
potential of the loading has been proven in clinic cases (Table 1.3). Its application in 
implant dentistry is therefore worth considering.  
The exact mechanism of how mechanical loading affects bone is yet unclear. However, 
the available evidence suggests that the anabolic mechanical loading at high- or low-
frequency may be sensed by the host tissue in a different strain-dependent manner.  
(1) Under the low-frequency regime (< 10 Hz), relatively large loading magnitudes 
were needed to induce an anabolic response. When keeping the loading frequency and 
the number of loading events constant, variations in strain magnitude can explain 
differences in the osteogenic response: the larger the deformations generated in host 
bone, the greater the increases in bone mass (Cullen et al., 2001; Gross et al., 2002; 
Mosley et al., 1997; Torrance et al., 1994). This can be interpret with relatively simple 
models such as the mechanostat (Frost, 2004) and the fluid flow theory (Klein-Nulend 
et al., 2005). According to the fluid flow theory, the load-induced fluid shear stress 
performed as the activating signal by acting on osteocytes and cell processes in the 
lacunar-canalicular system. Therefore, the anabolic effect of low-frequency loading 
on bone was associated with the activating signal depending on the load-induced 
strain magnitude. 
(2) Under the high-frequency regime, relatively small loading magnitudes were needed 
to induce an anabolic response. Local strains on the tibia surface have been recorded 
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less than 10 με in the whole body vibration (Judex et al., 2007; Xie et al., 2006). 
Apparently, the induced strain is extremely small, far less than the (re)modelling 
threshold of 1000 με under the low-frequency regime (Frost, 2004). The anabolic 
response of the host tissue was mainly dependent on the loading frequency, rather than 
the loading magnitude (Christiansen and Silva, 2006; Judex et al., 2007; Judex and 
Rubin, 2010). Some explanations of this dependence were suggested by the theoretical 
models of You et al. (You et al., 2001) and Han et al. (Han et al., 2004).  Their models 
were based on the facts that (1) osteocyte processes were attached along their length by 
tethering filaments, and (2) the actin filament bundle in dendritic processes led to a 
highly polarized cell whose processes were several hundred times stiffer than the 
osteocyte cell body (Han et al., 2004). Hence, the flow-induced drag on these filaments 
would produce a tension that could greatly amplify the very small whole tissue strains 
at the cellular level. By predicting the strain amplification ratio from the tissue to the 
cell level, they found that this amplification ratio not only increased with loading 
frequency, but also decreased with loading magnitude (You et al., 2001). Therefore, in 
case of high-frequency loading, low bone strains were amplified most, suggesting a 
more efficient mechanotransduction process by cellular perception of high-
frequency signals, compared to high-magnitude strains. Another possible explanation 
for the anabolic effect of high-frequency/vibration loading was proposed by Rubin et al 
(Rubin et al., 2002). I.e., during daily movements, a living subject normally 
experiences high-frequency plus low magnitude events of around 10 Hz and 0.05-0.5 
με. Once the subject was confronted with the loading with relatively higher frequency 
and magnitude (17-90 Hz and 1-10 με), there was a shift in the mechanical 
environment. This shift of mechanical environment could be responsible for the 
bone’s adaptive response. 
1.3.2.2 Implant studies 
Because of its anabolic effect observed in in vivo and clinical studies in the skeleton 
field, the high-frequency mechanical loading is a tempting strategy to boost implant 
healing. A variety of high-frequency loading regimes applied onto the implant was 
explored in different studies to observe the peri-implant bone response. 
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An early study on the effect of mechanical loading on bone growth into a porous 
implant was performed by Rubin and McLeod (Rubin and McLeod, 1994). The strains 
of 150 με were generated in the cortex immediately adjacent to the implant by means 
of host bone bending in the turkey ulna disuse model (Rubin and McLeod, 1994). The 
20 Hz loading regime induced the most favorable bone response, while the 1 Hz 
loading only prevented the bone resorption caused by the disuse. 
A favorable peri-implant bone response was also found in case of high-frequency 
loading via whole body vibration (WBV). After an early (the implants were left to heal 
for one week after implantation) WBV for 2 weeks, the peri-implant bone response in 
the ovariectomized rat tibia model was quantified by micro-CT evaluation (Akca et al., 
2007). Compared to the pulsed electromagnetic stimulation (PEMS) group and the 
control (no loading and no PEMS) group, the low-magnitude high-frequency loading 
(5 N and 50 Hz) induced the highest amount of relative bone volume around the peri-
implant bone area. This non-invasive mechanical intervention was proven to be more 
effective to bone healing around the implant than the PEMS in the ovariectomized rat 
and the control.  
1.4 Clinical views on the effect of mechanical loading on implants 
Being aware of the fact that an excessive interfacial micromotion early after 
implantation interferes with local bone healing and predisposes to a fibrous tissue 
interface instead of osseointegration, the conventional implant loading protocol was 
generally accepted since 1977 (Branemark et al., 1977). The latter implies a load-free 
healing time for 3 months in the mandible and 6 months in the maxilla to allow 
uncompromised osseointegration and hence minimize the risk of soft tissue 
encapsulation (Brunski et al., 1979). However, it is not the absence of loading per se 
that is critical for osseointegration but rather the absence of excessive micromotion at 
the bone-implant interface (Szmukler-Moncler et al., 1998). Due to optimized surgical 
techniques, implants, etc., there is a definite trend towards early or even immediate 
loading after implant installation, in which the forces are applied on the implant via the 
prosthesis. Based on data of clinical studies, the immediate loading protocol achieved 
similar high success rates as that noted for the conventional protocols (Avila et al., 
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2007; Esposito et al., 2009a; Esposito et al., 2009b). Within the theme of this thesis 
introduction, i.e. the mechanical loading on implant healing, the clinical view on both 
so-called ―overloading‖ and immediate loading will be addressed in this section. 
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Table 1.2 In vivo studies of mechanical loading at “high” frequency 
Loading  
Set-up Species 
Animal  
Model 
Frequency 
(Hz) Magnit (g) 
Loading  
Protocol Duration Microstrain (με) Analysis Outcome Reference 
           
Local 
Vibration           
           
Ground-
based 
hindlimb 
vertical 
vibration 
Sheep(Warhill, 
intact ewes, 6-
8y, female) 
Normal 30 0.3 20min/d, 5d/w 1y 
5 με at the left 
tibial midshaft 
BMD of tibia, 
femur and radius 
were quantified by 
DXA pQCT 
↑trabecular bone density of 
proximal femur by 34.2% 
(trabecular space ↓36.1%, 
trabecular number 
↑45.6%); 
no change found on 
cortical bone 
Rubin, et al., 
2002 
 Sheep(female) Normal 30 0.3 20min/d, 5d/w 1y 
5 με at the left 
tibial midshaft 
BMD of tibia, 
femur and radius 
were quantified by 
DXA pQCT 
trabecular bone density of 
proximal femur ↑34.2%, 
BV/TV↑32% 
Rubin, et al., 
2001 
 
Sheep(Warhill, 
intact ewes, 6-
8y, female) 
Normal 30 0.3 20min/d, 5d/w 1y 
5 με at the left 
tibial midshaft 
BMD of medial 
condyle of femur 
was quantified by 
microCT, 
mechanical test on 
the bone shaft 
↑bone quantify 
(BMC↑10.6%, trabecular 
number↑8.3%, space 
↓11.3&); 
stiffness ↑12.1%; 
failure strength ↑26.7% 
Rubin, et al., 
2002 
 
Sheep(Warhill, 
intact ewes, 6-
8y, female) 
Normal 30 0.3 20min/d, 5d/w 1y 
5 με at the left 
tibial midshaft 
BMD of medial 
condyle of femur 
was quantified by 
microCT, finite 
element model 
analysis 
trabecular stiffness ↑17% 
in the longitudinal, 29% 
anterior–posterior, 37% 
medial-lateral 
Judex et al., 
2003 
 Sheep(female,2-3y) 
a transverse 
osteotomy 
in the right 
metatarsus 
and 
externally 
stabilized 
20 0.02mm displacement 
loading 2 w 
after 
surgery, 5 
min/d 
8w n/a QCT and mechanical test 
callus formation ↑11%; 
no other significant 
difference was found 
Wolf, et al., 
2001 
Constrained 
tibia 
vibration 
male C57Bl/6 
mouse, 5–6 
month 
normal 20-150 0.5 n/a   
strain 
measurement, finite 
element model 
for in vivo leg, best 
transmissibility occur on 
60Hz at 0.5g. 
Christiansen 
et al., 2008 
 
male C57Bl/6 
mouse, 5–6 
month 
normal 70/140 0.5 15min/day 5 w 
at 70 Hz, the 
local strain (330 
με with heavy 
mass125 g, 59 
με with low 
mass 40 g, 17 με 
with fixed mass) 
microCT and 
histomorphological 
analysis 
No difference was found 
between the control and 
tested legs. 
Christiansen, 
et al., 2009 
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on tibia midshaft 
horizontal 
oscillatory 
loading on 
tibia 
(19 w) female 
C57BL/6J (B6) 
mice 
without 
weight-
bearing 
45 0.3/0.5 15 min/d, 5 d/w 3w 
in the proximal 
tibia, 1.1 με at 
0.3 g, 2.2 με at 
0.5g 
microCT and 
dynamic 
histomorphological 
analysis 
at 0.3g, 
BFR↑88%,MS/BS↑64% in 
tibia metaphysis; 
at 0.5g, 
BFR↑66%,MAR↑22% in 
tibia metaphysis; 
Garman et 
al., 2007 
 
female adult (4-
month old) 
BALB/cByJ 
mice 
without 
weight-
bearing 
45 0.6 25 min/d, 5  d/w 3w n/a 
microCT, finite 
element model 
trabecular stiffness↑38% 
than the internal control, 
but still 44.7% lower than 
the weight-bearing bone 
Ozcivici et 
al., 2007 
 (16 w) female C57BL/6 mice normal 30  
100s with or 
without 10-s 
rest time 
inserted 
between 
each 1-s 
loading 
pulse, 5 d/w 
3w 
800 με (lateral 
tibial 
middiaphysis). 
 
without rest, periosteal 
surface BFR/BS↑88%, 
MAR↑ 48%; 
with rest, 
BFR/BS↑91%,MAR↑126% 
LaMothe and 
Zernicke. 
2004 
Whole 
Body 
Vibration 
          
 
Female Sprague 
Dawley rats (3 
mon) 
ovx 30 0.6/3 20 min/d, 5 d/wk 4/8w 
14.07±5.09 με 
23.40±7.53 με 
qCT, 
histomorphology 
Longitudinal analysis: no 
differences in cortical or 
trabecular BMD by pQCT; 
cross-sectional analysis: no 
differences in 
histomorphometric 
analysis; 
in vitro analysis: vibration 
at 3 g↑total cortical and 
medullary areas and 
periosteal and endosteal 
perimeter in OVX rats 
Rubinacci et 
al., 2008 
 
Female Sprague 
Dawley rats (6–
8 mon) 
ovx 45/90 0.15 10 min/d, 5d/w 4w 2.12 με/0.74 με. 
microCT, 
histomorphology 
90 Hz: ↑ BFR, BV/TV and 
Tb.Th 
Judex et al., 
2007 
 Female Wistar rats (1 y) ovx 17/30/45 0.5/1.5/3 
30 min/d, 
5d/w 17w n/a 
mechanical 
test_3point-
bending, 
histomorphology 
45 Hz: ↑ periosteal BFR 
and ↓ OVX-induced 
endocortical resorption, ↓ 
declines in biomechanical 
properties 
Oxlund et 
al., 2003 
 Female Wistar rats (12 w) ovx 50 2 
30 min/d, 
5d/w 12w n/a 
mechanical test, 
DEXA scan, 
↓ OVX-induced bone loss; 
↑ BMD 
Flieger et al., 
1998 
 Female adult rats ovx 90 0.3 
2 x 20 
min/d, 5d/w 6w n/a 
micro-CT at 0, 2, 4, 
6 w after wbv, 3-
point-bending of 
mechanical test 
no effect Brouwers et al., 2009 
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Female Sprague 
Dawley rats (3 
mon) 
ovx 90 0.5 mm displacement 2 x  15min/d 35d n/a 
flat-panel 
volumetric CT, 
mechanical testing, 
histomorphometrics 
↑biomechanical properties 
↑bone density (trabecular
＞cortical bone), 
Sehmisch et 
al., 2009 
 Female SD rats (12w) 
ovx+implant 
on tibia 50 5newton 
14min/d, 
5d/w, 
applied one 
week after 
implantation. 
2w n/a microCT ↑relative bone volume around implant 
Akca et al., 
2007 
 
Female Sprague 
Dawley rats (6–
8 mon) 
disused 90 0.25 10 min/d 4w n/a bone histomorphology 
↑ BFR and MS/BS with 
normalized BFR in 
vibration + HU group 
similar to CON 
Rubin et al., 
2001 
 adult rat 
closed 
femoral 
shaft 
fracture 
35 0.3 ? 2/4w n/a 
plain radiography, 
micro-CT, 
histomorphometry 
↑callus formation, 
mineralization and fracture 
healing 
Leung et al., 
2009 
 Male SD rats(4mon) 
5-mm 
bilateral 
defect on 
cranium 
45 0.4 
20 min/d, 5 
d/w, applied 
1 w after 
surgery for 
3w, no 
treatment 
for another 4 
ws 
3w n/a microCT 
↑osseous regenerative 
processes, particularly in 
the presence of a 
supporting scaffold. 
Hwang et al., 
2009 
 BALB/cByJ mice (8 w) normal 45 0.3 
15 min/d, 
5d/w 6w n/a 
microCT, 
histomorphology, 
TRAP-staining 
proximal tibial metaphysis: 
↑ MS/BS; 
cortical bone: ↑ BV, 
periosteal bone area, bone 
marrow area, cortical area 
and moment of inertia; 
↑ soleus cross-sectional 
area 
Xie et al., 
2008 
 C57BL/6 mice (12 w) normal 0-50 2N 
30 s'/d, 3 
d/w 4w 500-4000 με  
No effect of vibration on 
periosteal bone formation 
Castillo et 
al., 2006 
 Female mice (2 mon) normal 45 0.3 15 min/d 3w 
10 microstrain 
on the periosteal 
surface of the 
proximal tibia 
bone 
histomorphology 
↓ osteoclastic activity; 
↑ BFR 
Xie et al., 
2006 
 Male mice (7 mon) normal 45 0.1/0.3/1 15 min/d 5w n/a 
microCT, cell 
culture for OB 
activity 
↑ trabecular bone BV/TV 
in 0.1 and 1.0 g groups 
Christiansen 
et al., 2006 
 
C57BL, 
BALB/c, and 
C3H mice 
normal 45 0.25 10 min/d  n/a histomorphology 
↑ BV/TV in C57BL only 
(85%); 
↑ BFR/BS in BALBc 
(32%),; 
↔ in C3H 
Judex et al., 
2002 
 C3H mice (12 w) 
defect in 
cranial bone 30 0.3 g 
20 min/d, 
5d/w 28d 5 με microCT 
↑healing capacity of the 
bone 
Omar et al., 
2008 
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Table 1.3 Clinical studies of mechanical loading at “high” frequency 
Subject Population Subject Condition Loading Protocol Analysis Outcome Reference 
Healthy Volunteers 
(33+/-7 y) 
bed rest (BR) for 
90 d 0.3/0.5g, 30 Hz, 10 min/d 
MRI and CT (0, 60, 90, 90+7D after 
bed resting) 
attenuate swelling of the intervertebral disc; 
↓the incidence of low back pain 
Holguin et 
al., 2009 
Healthy Volunteers 
(22-29 +/- 7 y) 
high protein 
intake for 5 d 3.5g, 30Hz, 10 min/d 
daily urine test for calcium, 
phosphate, titratable acid, urea and 
c-telopeptide 
↓the high expression of calcium, phosphate excretion 
and c-telopeptide 
Cardinale et 
al., 2007 
PMP at least for 1 y postmenopausal 28 Hz, 3×2 min/session, 2 session/w, 6 months 
Blood and urine test for PTH, CV. 
Muscle power was assess by 
jumping test. pQCT on tibia for bone 
density, mass and geometry. 
↑muscle power by 5%; 
No change was found on cortical bone density and 
biomarkers of bone turnover. 
Russo et al., 
2003 
PMP (58-74 y) postmenopausal 2.28-5.09 g, 35-40 Hz, 30 min, 3 time/w, 24 w 
DXA measure the hip bone density. 
Serum tests the biomarkers of bone 
turnover. Muscle strength test 
↑hip BMD and leg muscle strength. 
No change of the biomarkers of the turnover 
Verschueren 
et al., 2004 
PMP (57 y) postmenopausal 0.2 g, 30 Hz, 2×10 min/d, 12 mon 
BMD measured by DXA on femur, 
spine. 
↑BMD was found on femoral neck and spine; 
Lighter subject benefit more; 
Bone density was not influenced. 
Rubin et al., 
2004 
PMP (55-88 y) postmenopausal 
0.7-4.2 mm(displacement), 
20Hz, 4 min/session, 1 
session/w, 12 mon 
Lumber BMD measured by DEXA, 
urine NTX and serum ALP level 
tested by ELISA. 
no difference was found on BMD and NTX, ALP. 
↓the chronic back pain 
Iwamoto et 
al., 2005 
PMP (66 y) postmenopausal 
3 mm (displacement), 12.5 
Hz, 6×1 min,  3 times/w, 
WBV vs. walking, 8mon 
Hip and lumbar BMD (g.cm-2) were 
measured using dual-energy X-ray 
absorptiometry and balance was 
assessed by the blind flamingo test 
↑the BMD femoral neck; 
↑the balance. 
No change of BMD on lumbar spine 
Gusi et al., 
2006 
pre- or postpubertal 
disabled children (4-
19 y) 
 0.3 g, 90 Hz, 10 min/d, 5 times/w, 6 mon 
vTBMD was measured by QCT on 
tibia and spine. 
↑vTBMD of proximal tibia; 
No change was found on cortical bone and muscle 
parameters 
Ward et al., 
2004 
Low-BMD female 
(15-20 y) with 
fracture history 
 0.3 g, 30 Hz, 10 min/d, 12 mon 
QCT to measure the bone and 
muscle mass 
the cancellous bone in thelumbar vertebrae and 
cortical bone in the femoral midshaft of the loaded 
group↑by 2.1% and 3.4%; 
paraspinous musculature↑by 4.9% greater 
Gilsanz et 
al., 2006 
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1.4.1 Implant “overloading” 
The inherent difference between the tooth and implant is that an endosseous implant is 
in direct contact with the bone while a natural tooth is suspended in the bone by a 
periodontal ligament. Therefore, implants lack the adaptive facility of teeth to develop 
reversible increased mobility when loaded. Implants are more rigidly attached to the 
bone and may be displaced 3-5 μm vertically and 10-50 μm laterally with forces 
applied of 2000 g (Kim et al., 2005). Some  have suggested the occlusal ―overloading‖ 
as one of the main causes for peri-implant bone loss and/or loss of osseointegration of 
successfully integrated implants (Adell et al., 1981; Isidor, 1996; 1997; Miyata et al., 
2000; Quirynen et al., 1992; Rangert et al., 1989; Rosenberg et al., 1991). In 
comprehensive reviews by Esposito et al. (Esposito et al., 1998a; b), the prevalence of 
late implant failures from 19 different publications with Branemark implants with a 
machined surface was assessed. Of the failures observed after more than 1 year of 
loading, the occlusal overload was estimated to account for approximately 90% and 
peri-implantitis for 10% of the few late failures (4.6% of the inserted implants). The 
observations, including screw loosening or fracture, abutment or prosthesis fracture, 
bone loss, implant fracture, have been considered as the signs of implant overloading 
(Zarb and Schmitt, 1990). 
However, the so-called ―overloading‖ in some implant literature seems to be an 
inappropriately used term when its definition is taken into account. According to 
Frost‘s mechanostat (Frost, 2004), the mechanical strain magnitude over 3000 µε 
should lead to a catabolic reaction of bone (i.e. net bone loss). Hence, the 
―overloading‖, by its definition, should theoretically induce a mechanical strain of > 
3000 µε at the implant-bone interface and a net loss of peri-implant bone. 
Unfortunately, neither clinical nor animal implant study have ever convincingly 
proven their ―overloading‖ cause a mechanical strain of > 3000 µε at the implant-bone 
interface. As commented by Mellal et al., the stress and strain evoked at the implant-
bone interface remain impossible to be quantified today in the animal/clinical settings 
(Mellal et al., 2004). Confronted with the above challenge, an alternative way to 
explore the cause-and-effect relation between ―overloading‖ and implant failure is to 
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assess the peri-implant bone response after ―overloading‖. In a recent systematic 
review, Naert et al. (2012) concluded that there is insufficient evidence that the so-
called overload can lead to peri-implant bone loss or implant failure. Some studies 
even reported an anabolic effect from loading (Naert et al., 2012). One study, however, 
indicates a possible detrimental effect of loading when combined with peri-implant 
infection (Kozlovsky et al., 2007).  
1.4.2 Predictability of immediate implant loading 
Based on the consensus obtained from ITI Consensus Conference at Stuttgart 
(Germany) in August 2008, Weber et al. reported that the immediate implant loading 
can be defined as being loaded earlier than 1 week subsequent to implant installation 
(whereas up to 2 months for early loading and >2 months for conventional loading) 
(Weber et al., 2009). The immediate implant restoration with functional loading can 
provide faster patient comfort by allowing quick masticatory function and esthetics. In 
addition, it also eliminates the inconvenience of a second surgery approach for 
placement of transepithelial abutments. This often leads to an early soft tissue healing 
and results in an early stabilization of the peri-implant mucosa. Undisturbed  implant 
healing by conventional loading was considered for long to be the main factor 
necessary to achieve predictable high success (Albrektsson et al., 1981). The 
immediate implant loading was believed to possess potential risks that the clinician 
and patient must be aware of. These include: a possible implant failure due to 
increased implant micromovement and unable to predict final soft and hard tissue 
outcomes (Avila et al., 2007). So, the question whether or not the immediate implant 
loading works as good as the conventional loading has been a concern. 
According to  Gapski et al. (Gapski et al., 2003) and Avila et al. (Avila et al., 2007), 
factors that influence the outcomes of immediate implant loading can be divided into 4 
categories: (1) Surgery-related factors, pertaining to primary implant stability and a 
non-traumatic surgical technique; (2) Host-related factors, pertaining to bone quantity 
and quality (density), proper bone healing environment, oral hygiene/patient 
compliance; (3) Implant-related factors, pertaining to the influence of macro- (thread) 
and micro- (surface coating) structure of the implant; and (4) Load-related factors, 
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pertaining to the importance of occlusal forces and prosthetic design. When the 
outcomes of immediate implant loading were compared with that of the conventional 
loading, no significant difference was reported both for the partial implant-retained 
restoration and the complete implant-retained overdenture, based on the systematic 
review of clinical trials/cases (Carrillo Garcia et al., 2008; Kawai and Taylor, 2007). In 
a recent review of randomized controlled clinical trials of immediately versus early 
versus conventionally loaded implants, in which 1852 implants in 1024 patients after 1 
year of function were included, no difference in prosthesis failure, implant failure and 
marginal bone level changes was found between immediately and conventionally 
loaded implants (Esposito et al., 2009a). Although it is still unclear whether it is 
beneficial to avoid occlusal contacts during the implant osseointegration process, the 
present studies and clinical experiences have shown that the immediate implant 
loading achieved similar success rates as those reported for conventional implant 
protocol. At the same time, in order to achieve this predicatively high success rates, it 
is crucial for dentists to keep the following in mind: (1) a high degree of primary 
stability at implant insertion, which is associated with an adequate insertion torque, is a 
key prerequisite; (2) a careful selection of cases with an adequate treatment plan; (3) a 
proper control of the influencing factors (e.g., surgery-related, host-related, implant-
related and load-related). Accordingly, in the case of poor primary implant stability or 
other suspected negative prognostic variables, it might be preferable to wait for early 
or even conventional healing period to offer bone enough time to properly heal around 
the implant. 
1.5 Conclusions and prospectives: from lab to chair-side 
From the literature, it‘s not difficult to note that the dynamic mechanical loading can 
lead to bone remodelling. The anabolic bone response to mechanical loading can be 
initiated by very little mechanical stimuli (e.g. a few strain cycles and/or a short 
loading time in minutes or seconds). Further, the mechanical loading can influence 
peri-implant bone remodelling favoring bone gain and hence improve peri-implant 
bone healing.  
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As mechanical loading – at either low or high frequency - appears to be a potent signal 
for adaptive and reparative bone remodelling, the application strategy of mechanical 
loading is yet to define. The questions including when (immediate vs. conventional 
loading), how long (loading duration), what (low- vs. high-frequency loading) and how 
(indirect vs. direct implant loading) are open to explore. 
When compared to the reports on general skeleton, the effect of high-frequency 
loading on peri-implant bone is much less reported in literature. Considering the 
promising effect of high-frequency loading on bone, this PhD research focuses on the 
peri-implant bone response to high-frequency loading. We intend to explore the 
potential of high-frequency loading to obtain better and faster peri-implant bone 
healing. 
The overall objective of this PhD research is to investigate the effect of mechanical 
loading, in particular high-frequency loading, on peri-implant bone healing and 
remodelling. The following hypotheses were addressed: 
- Healing and healed peri-implant bone tissues respond differently to mechanical 
loading (i.e. immediate versus conventional loading). 
- High-frequency mechanical loading can stimulate osseointegration and peri-
implant bone remodelling. 
- The effect of high-frequency loading on peri-implant bone depends on time-
related parameters. 
- The effect of high-frequency loading on peri-implant bone depends on the applied 
loading parameters, in particular load magnitude and frequency. 
-  The effect of high-frequency mechanical loading on peri-implant bone depends on 
the mode of load application (whole body vibration vs. direct implant loading vs. 
indirect implant loading). 
To fulfill the research objective and to test the related hypotheses, a series of 
experiments was performed and reported in 5 chapters of this thesis (Chapters 3 to 7).  
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In Chapter 3, the peri-implant tissue response to immediate and conventional loading 
was evaluated.  
Because of the abundant evidence of whole body vibration on the bone stimulating 
potential, the effect of such high-frequency loading on peri-implant bone remodelling 
was investigated in 3 continuous studies (Chapter 4). 
As the exact local mechanical stimuli cannot be clearly defined in case of whole body 
vibration, the assessment of the controlled high-frequency loading was the logical next 
step. This was performed through a well-controlled compression of the tibia containing 
the implant (the indirect loading in Chapter 5) and through the direct implants loading 
(Chapters 6 and 7).  
Studies in Chapter 5 and 7 were performed in close collaboration with the department 
of Biomechanics and Engineering Design of KU Leuven. Peri-implant cortical strains 
resulting from tibia compression (in Chapter 5) or from direct implant loading (in 
Chapter 7) were measured ex vivo using strain gauges. These strain gauge 
measurements, combined with micro-finite element analyses, based on micro-CT scan 
data, allow translating the applied load into the resulting tissue strains in the peri-
implant regions (Torcasio et al., 2011,.2012). 
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Chapter 2 
Materials and methods 
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2.1 Animal models 
2.1.1 Rat tibia 
3-month old male Wistar rats were used. Rats were housed 3 to 4 animals per standard 
cage under 12-h dark–light photoperiods. 
Surgeries were performed under general gas anesthesia with 2.5% isoflurane 
(Isoflurane USP
®
, Halocarbon, New Jersey, USA). Implants were placed in the mesio-
proximal part of both tibiae. The primary implant stability was obtained through 
bicortical implant fixation. The implant cavity was drilled at low rotational speed 
under constant saline cooling and was 0.3 mm undersized compared to the implant 
diameter. The implants were manually installed by means of a custom-fit torque 
wrench, with a complete submersion of the screw part (5 mm) of the implant into the 
bone. Resorbable sutures (Vicryl 3-0, Ethicon GmbH, Norderstadt, Germany) were 
used to close the wound.  
The animals of all groups were sacrificed by cervical displacement under isoflurane-
induced anesthesia at the end of the experimental term. 
2.1.2 Rabbit tibia 
6-months old female New Zealand white rabbits (body weight, 3.7 ± 0.5 kg) were 
selected for this experiment. The rabbits were all pathogen free and kept in quarantine 
for 1½ months before the study was started. 
Under general anesthesia (intravenous, Diprivan 1%, 0.4 ml/kg; Astra Zeneca, 
Brussels, Belgium), a total of four implants was inserted in the two tibia epiphyses of 
each rabbit by two implant surgeries at 1 week and 4 weeks before the sacrifice. 
Postoperatively, the animals were given a dose of an intramuscular injection of 0.05 
mg/kg buprenorphine as analgesics and 300.000E/d antibiotics (penicillin, Kela, 
Hoogstraten, Belgium) for 3 days. 
At the end of the experiment, the animals were sacrificed with a 0.1ml/kg intravenous 
injection of an embutramide, mebenzoniumiodide, and tetracaine hydrochloride 
solution (T61; Intervet, Mechelen, Belgium). 
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2.2 Histological preparation 
2.2.1 Tissue preparation 
2.2.1.1 Paraffin sections 
Specimens were fixed in 2% paraformaldehyde immediately after sacrifice. The bone 
segments were decalcified in 0.5M EDTA (pH 7.4)/PBS at 4°C and paraffin-embedded, 
whereupon the implants were gently unscrewed. Next, the samples were re-embedded 
into paraffin. Then, longitudinal or transversal sections of 5-μm thickness were cut 
with a rotary microtome (HM360; Microm, Walldorf, Germany). 
2.2.1.2 PMMA sections 
At sacrifice, the implants and surrounding tissues were isolated and immediately 
fixated in a CaCO3–buffered formalin solution, dehydrated in an ascending series of 
ethanol concentration and embedded in polymerized methylmethacrylate (PMMA) 
resin. The tissue-implant blocks were sectioned along the longitudinal direction of the 
tibia and the implant‘s axis by means of a diamond saw (Leica SP1600, Wetzer, 
Germany). After polishing to a final thickness of 20 to 30 µm (Exakt400 CS, Exakt 
Technologies Inc., Germany), the sections were ready for further staining. 
2.2.2 Histochemical staining 
Before histological staining, paraffin sections were de-waxed by immersion in xylene 
and rehydrated in descending concentration of ethanol. After staining, sections were 
dehydrated and covered by cover-glass (Menzel-Glaser
®
, Gerhard Menzel GmbH, 
Braunschweig, Germany) with histological mounting medium (Histomount 
TM
, 
National Diagnostics, Atlanta, USA). 
2.2.2.1 H&E (paraffin sections) 
The sections were stained with Harris hematoxyline and erythrosine (H&E) for 
approximately 2 and 5 minutes, respectively. 
2.2.2.2 Stevenel‟s blue and Von Gieson„s picrofuchsin red (PMMA sections) 
Chapter 3 | 34 
 
The sections were stained with Stevenel‘s blue and Von Gieson‗s picrofuchsin red 
for 20 and 7 minutes, respectively, visualizing mineralized (red) and non-mineralized 
tissues (blue). 
2.2.3 Immunohistochemical staining of CD31 
The paraffin sections were firstly de-waxed by immersion in xylene and rehydrated 
in descending concentration of ethanol. Secondly, they were incubated in the Antigen 
Retrieval solution (DAKO, Denmark) for 20 minutes at 95 ℃ and washed in PBS. 
Then, sections were incubated in 0.3% H2O2 in methanol for 20 minutes, followed by 
3 rinses with PBS. Unspecific binding was blocked by incubating the sections for 30 
minutes in PBS with 2% BSA. Subsequently, sections were incubated overnight with 
primary antibody of CD 31 (DAKO, Denmark). After 3 washes with PBS, the 
incubation with secondary antibody was performed for 1 hour, followed by 3 
additional washes with PBS. Sections were then exposed to a biotin-mediated 
reaction (the avdin-biotin-peroxides complex, ABC) for 30 minutes. Next, the 
antibody bindings were visualized on the color substrate diaminobenzidine. Finally, 
the slides were counterstained with hematoxylin. 
2.3 Histomorphometric analysis 
Quantitative assessments were performed by light microscopy (Leica Laborlux, 
Wetzlar, Germany) and a high sensitivity video camera (AxioCam MRc5, Zeiss, 
Göttingen, Germany). As the sections were made along the long axis of the tibia and 
the implant, histomorphometric analyses were carried out on both proximal and distal 
sides of the implant. 
2.3.1 With paraffin sections 
2.3.1.1 Bone density in-between implant threads 
The bone area (BA, %), representing the percentage of bone occupying the V-thread 
regions located in the bone marrow, was scored as 1, 2, 3 or 4, corresponding to 0-
25%, 25-50%, 50-75% or 75-100% of the thread region consisting of bone tissue. 
The mean BA was calculated for on average 12 regions per sample (Figure 2.1A). 
Chapter 2 | 35 
 
2.3.1.2 Vascularization 
The blood vessel area (VA, %) represents the area of blood vessels visualized by 
CD31 immunostaining. VA was evaluated in 3 regions: (1) the V-thread tissues in the 
upper cortex (region of cortical bone), (2) the 1
st
 V-thread area beneath the upper 
cortex (a region where fast bone regeneration occurs due to endosteal callus 
formation) and (3) the 1
st
 V-thread tissues in the bone marrow (region of bone 
marrow) (Figure 2.1B). 
2.3.1.3 Endosteal callus formation 
In the peri-implant endosteal and central bone marrow region, the size and the 
mineralization of the formed callus were quantified. To do so, a rectangular tissue 
area (T.Ar) was defined spanning the region between the endosteal side of upper and 
lower cortex and up to 1.5 mm distance from the implant surface. The callus area 
(C.Ar/T.Ar, %) was quantified as the percent tissue area filled with callus tissue. The 
callus bone area (B.Ar/C.Ar, %) was defined as the percent bone filling of the callus 
tissue (Figure 2.1C). 
 
Figure 2.1 Illustrations and schematic representation of the measurements 
performed on paraffin-embedded implant-tissue samples. (A) In the region of peri-
implant medulla, the percentage bone filling of the implant V-threads (red-outlined 
triangular area) was calculated and allocated to a quartile category (Bone area – 
BA, %); (B) The blood vessel area (VA, %) was quantified in 3 regions by the ratio of 
the vessel surface area (highlighted in blue) to the tissue surface area (blue-outlined 
area); (C) Axisymmetric schematic representation of the 3 different regions where 
VA was recorded, and of the quantification of the endosteal callus size and 
mineralization. 
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2.3.2. With PMMA sections 
2.3.2.1 Bone-to-implant contact 
Bone-to-implant contact (BIC, %) = 100 × (summation of the lengths of bone-to-
implant contact / the implant length from first till last bone-to-implant contact). 
2.3.2.2 Bone fraction 
Bone fraction (BF, %) = 100 × (area of bone / area of the region of interest). Three 
different regions of interest (ROI) were defined:  0-100 µm (ROI 1), 100-500 µm 
(ROI 2) and 500-1000 µm (ROI 3) away from the implant surface. The height of all 
ROI‘s was set from first till last bone-to-implant contact (Figure 2.2). 
 
Figure 2.2 Illustration of the reference sites 
for the peri-implant bone fraction (BF) 
evaluation. ROI 1 ranged from 0 (implant 
surface) to 100 μm, ROI 2 from 100 to 500 
μm and ROI 3 from 500 to 1000 μm. 
 
 
2.4 Gene expression analysis 
By use of quantitative real-time PCR (qRT-PCR), the osteoblast- and osteoclast-
related gene expressions were assessed in peri-implant cortical bone. 
2.4.1 Sample collection 
The cortical bone chips remaining on the implant neck were harvested immediately 
after removal of the implant, and snap-frozen in liquid nitrogen. According to 
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standard protocols of quantitative real-time PCR (qRT-PCR), total RNA was 
retrieved by extraction with TRIzol
®
 reagent (Invitrogen, Merelbeke, Belgium). The 
RNA integrity and amount were checked using a spectrophotometer (Pharmacia, 
model 80-2103-98, LKB Biochrom, England). 
2.4.2 Sample analysis 
Random-primed cDNA was synthesized from 1μg of total RNA using the 
SuperScript
TM
 II RT Kit (Invitrogen, Merelbeke, Belgium). Equal volumes of cDNA 
were used to program amplifications through real-time PCR reactions (ABI Prism 
7500 Fast Real-Time PCR System, Applied Biosystems, Halle, Belgium) using 
primers of genes encoding for bone formation and bone resorption. Quantification of 
gene expressions of the different markers was performed using the comparative 
threshold cycle method (∆∆Ct) (Livak and Schmittgen, 2001) with hypoxanthine 
phosphoribosyl transferase 1 (Hprt1; Applied Biosystems TaqMan
®
 Assay ID 
Rn01527840_m1) as the endogenous reference. 
Bone formation-related gene expression 
Specific primers of genes encoding for runt-related transcription factor 2 (Runx2), 
collagen type 1 alpha 1 (Col1a1), osteopontin (Opn) and osteocalcin (Oc) were used, 
in the presence of TaqMan Universal PCR Master Mix (Applied Biosystems). The 
primers were home-designed (for primer sequences, see Table 2.1), except for Runx2 
(Applied Biosystems TaqMan
®
 Assay ID Rn01512296_m1). 
Bone resorption-related gene expression 
The mRNA expression of the osteoclast-related genes, including receptor activator of 
NF kappa B ligand (RANKL), osteoprotegerin (Opg) and cathepsin K (Ctsk), were 
analyzed by the TaqMan® Gene Expression Assays (Applied Biosystems; ID 
Rn00563499_m1; ID Rn00589289_m1 and ID Rn00580723_m1 respectively). 
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Table 2.1 Primer and probe sequences for qRT-PCR. 
Gene  Primer and probe sequence (5‟→3‟) 
Oc  
Forward primer  GCTGGCCCTGACTGACTGCATT 
Reverse primer  TGGACATGAAGGCTTTGTCAGA  
Probe  CAGGTGCAAAGCCCAGCGACTCTG  
Col1a1  
Forward primer  CGATGGCGTGCTATGCAA 
Reverse primer  ACTTCTGCGTCTGGTGATACATATTC 
Probe  CCCAACCCCCAAAAACGGGAGG 
Opn  
Forward primer  TGACTTTAAGCAAGAAACTCTTCCAA 
Reverse primer  TGCATGGTCTCCATCGTCAT 
Probe  CAACTCCAATGAAAGCCATGACCACATG 
The primer source is the rat for all genes.  
 
2.5 Statistical analysis 
Comparison between quantitative data of two groups was done by two-sided 
Student‘s t-test. Paired sample t-test was applied in case of two pair-wised groups. 
Multiple groups were analyzed by ANOVA adjusted by Tukey‘s multiple correction. 
Statistical software was used to do the above analysis (SPSS for Windows 10.0, 
Chicago, IL, USA). P-values inferior to 0.05 were considered significant. The data 
were reported as the mean ± standard error of the mean (SEM). 
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In Vivo study of the peri-implant tissue response to controlled 
immediate and conventional loading  
 
 
 
 
This chapter is based on the publication ―Zhang, X., Duyck, J., Vandamme, K., Naert, 
I., Carmeliet, G. (2014). Ultrastructural characterization of the implant interface 
response to loading. Journal of Dental Research 2014 Mar; 93(3):313-8.‖ 
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Abstract 
Objective: Well-controlled mechanical loading can improve peri-implant bone 
formation. The study aimed to further explore the peri-implant tissue response to 
immediate and conventional loading. 
Materials and methods: Screw-shaped, titanium implants were installed in rat tibiae, 
in which one implant was loaded (test) while the other served as unloaded control. The 
test implant was loaded either immediately after implantation or after a healing period 
of 28 days (conventional loading). Rats were sacrificed after 4, 7, 14, 21, or 28 days of 
loading. The samples were routinely processed into paraffin sections for histological 
analyses. Additional samples loaded for 28 days were resin-embedded to evaluate the 
bone-implant interface, while others loaded for 7 days were used for gene 
quantification by quantitative real-time PCR. Statistical analyses were performed with 
the significance set at p < 0.05.  
Results: Compared to the unloaded control, bone-to-implant contact increased 
significantly by immediate loading for 28 days (p<0.05), but not in case of 
conventional loading. No effect was observed of the immediate or conventional 
loading on the bone area in-between the implant threads, the blood vessel area and the 
endosteal callus formation. After loading for 7 days, relative to the unloaded control, a 
2.3-fold increase of Runx2 in peri-implant bone was induced in case of immediate 
loading (p<0.01) without a change of the RANKL/Opg ratio. Conventional loading for 
7 days upregulated Runx2 (4.3-fold, p<0.01) as well as Opg (22.3-fold, p<0.05) 
compared to the unloaded control, resulting in a decreased RANKL/Opg ratio.  
Conclusions: These results suggest that only immediate implant loading can enhance 
bone-to-implant contact. On the other hand, immediate and conventional loading seem 
not to manifestly influence the cellular response of peri-implants tissues, although 
molecular adaptations are clearly present and different between immediate and 
conventional loading. 
Key words: bone; mechanical loading; rat; titanium implant; vascularization. 
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3.1 Introduction 
Bone is a metabolically active tissue capable of adapting its mass, shape and structure 
to the mechanical environment. Consequently, bone can repair the (micro)damage 
caused by loading through the process of remodelling (Ozcivici et al., 2010a). 
Inversely, an anabolic mechanical environment can result in bone gain. The anabolic 
effect of mechanical loading also applies to bone around titanium implants (Duyck et 
al., 2006; Duyck et al., 2007; Isidor, 2006). Evidence has been provided that well-
controlled mechanical loading can improve implant integration into the bone and can 
stimulate peri-implant bone formation (De Smet et al., 2005; Duyck et al., 2006; 
Duyck et al., 2007; Vandamme et al., 2007c; Vandamme et al., 2008). 
Implant success requires direct apposition of bone to the implant surface, referred to as 
osseointegration. Long-term success rates of more than 90% have been reported for the 
conventional loading osseointegration protocol (Jemt et al., 2011). This prosthetic 
protocol adopts an implant healing time of 3 up to 6 months prior to functional loading 
by means of prosthesis. Today, a tendency towards early (within 6 weeks after implant 
placement) and immediate (within 7 days after implant surgery) implant loading is 
prevailing in the clinics offering a faster masticatory function and a better patient 
comfort. High success rates for the immediate loading protocol have been reported in 
animal experimental (Lee et al., 2009; Romanos et al., 2010) and in clinical studies 
(Esposito et al., 2009a; Mertens and Steveling, 2011). However, this has been 
evidenced exclusively for studies with well-defined situations, in selected patients and 
relatively short-term follow-up periods.  
The rationale of the conventional loading protocol is based on earlier reports indicating 
that premature loading increases the risk of fibrous tissue encapsulation of the implants 
rather than forming direct bone apposition (Akagawa et al., 1986; Brunski et al., 1979). 
However, studies have pointed out that well-controlled immediate loading per se does 
not necessarily lead to fibrous tissue formation at the implant interface (Klinger et al., 
2006; Szmukler-Moncler et al., 1998). More likely, surpassing a certain threshold of 
micromotion at the tissue-implant interface during the healing phase jeopardizes the 
bone repair around the implant (Duyck et al., 2006; Szmukler-Moncler et al., 1998). 
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Thorough insight in the tissue response to implant loading during and after 
osseointegration is still limited although required to scientifically support the clinical 
shift from conventional to early or immediate loading protocols. Acquiring knowledge 
on the implant‘s optimal biomechanical environment promoting osseointegration is 
useful, as this would contribute to optimize implant prognosis in case of immediate 
and early loading protocols.  
The aim of the present rat study was to define the peri-implant tissue response to 
immediate and conventional implant loading at tissue, cellular and molecular level. 
The study hypothesis was twofold: (i) controlled implant loading accelerates 
osseointegration, and (ii) the peri-implant tissue response to loading depends on the 
timing of load application (immediate or conventional). Unraveling the specific peri-
implant tissue response relative to the load-timing regime could be of considerable 
importance for clinical implant rehabilitation protocols. 
3.2 Experimental design 
3.2.1 Animals, implants and surgical procedure 
130 male Wistar rats were used in the present study. The animals were randomly 
distributed over 10 experimental groups, depending on the loading protocol 
(immediate loading; conventional loading) and on the duration of the experiment (4, 7, 
14, 21 and 28 days) (Table 3.1). Cylindrical screw-shaped implants (Ø: 2 mm × L: 10 
mm) were custom-made from titanium rods (99.6%, Goodfellow Cambridge Ltd., 
Huntingdon, England). The implants were etched with HF (4%) and HNO3 (20%), 
ultrasonically cleaned with distilled water, and sterilized prior to surgery. The surface 
treatment resulted in an average Ra-value of 0.45 µm and an Sdr value of 1%, as 
determined by scanning white-light interferometry (Wyko NT 3300; Veeco Metrology 
Inc., Tucson, AZ, USA). Implants were placed in the mesio-proximal part of both 
tibiae. Surgery was described in 2.1.1.  
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Table 3.1 Overview of the different loading experiments and type(s) of analyses performed 
  Duration of loading (days) 
  4 7 14 21 28 
Loading Immediate (n) 10 10+5 10 10 10+10 
 Conventional (n) 10 10+5 10 10 10+10 
Analysis BIC     x 
 BA - VA x x x x x 
 C.Ar/T.Ar – B. Ar/T.Ar x x x x x 
 Gene expressions  x    
n, number of animals; BIC, bone-to-implant contact; BA, bone area; VA, blood vessel area; 
C.Ar/T.Ar, callus area/tissue area; B.Ar/C.Ar, bone area/callus area.  
 
3.2.2 Mechanical loading 
The loading procedure was similar to previously described protocols (De Smet et al., 
2005; De Smet et al., 2006; Slaets et al., 2009). In brief, a sinusoidally varying 
bending moment was applied with a force-controlled electro-mechanical shaker 
(Model 4810, Bruel and Kjaer, Naerum, Denmark) through a lever connected onto the 
upper part of implant. The horizontal lever was screw-retained onto the implant and 
positioned in alignment with the long axis of the tibia. During loading, the tibia was 
firmly fixed by an alginate casting to the base plate of the stimulator to ensure 
reproducible mechanical loading. For each animal, one hind limb was randomly 
selected to harbor the implant that was loaded (= test). The implant at the contralateral 
tibia served as internal unloaded implant (= control). 
Two loading regimes were defined. For the immediate loading protocol, the loading 
started the day following surgery. For the conventional loading regime, a healing time 
of 28 days prior to loading was respected. The same loading protocol was used for 
both regimes, i.e. 1800 load cycles of 1 Newton, inducing a deformation of about 1500 
με at the cortical surface adjacent to the implant, at a frequency of 3 Hz for 5 days per 
week. The loading was applied for 4, 7, 14, 21 or 28 days, corresponding to 5 
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experimental groups for each loading regime. The loading parameters applied were 
chosen based on previous ex vivo strain gauge measurements and experimental 
findings of our group, indicating the osteogenic potential of these parameters (De Smet 
et al., 2005; De Smet et al., 2006; Slaets et al., 2009).  
3.2.3 Processing and analysis of implant-bone samples 
Different sample processing methods were applied, depending on the type of the 
analysis that was aimed for (Table 3.1).  
3.2.3.1 Tissue and cellular analysis 
3.2.3.1.1 Sample processing 
Tissue and cellular analyses were performed on either resin-embedded (refer to 2.2.1.1) 
or paraffin-embedded sections (see 2.2.1.2).  
Undecalcified resin-embedded sections containing implant and peri-implant tissue 
were stained (see 2.2.2.2) and used for assessment of implant osseointegration (see 
2.3.2.1).  
Paraffin-embedded sections were used to investigate the bone formation, remodelling 
and vascularization of the peri-implant tissues, as well as the callus formation in the 
endosteal and bone marrow region. Tibia specimens were fixed in 2% 
paraformaldehyde immediately after sacrifice. The bone segments were decalcified in 
0.5M EDTA (pH 7.4)/PBS at 4°C and paraffin-embedded, whereupon the implants 
were gently unscrewed. Next, the samples were re-embedded by paraffin and 5-μm 
sections were made (HM360; Microm, Walldorf, Germany) parallel to the long axis of 
the long bone and of the implant. The central sections were selected for staining with 
hematoxyline eosine to investigate the general morphology (refer to 2.2.2.1). The 
vessel endothelial cells were visualized by CD31 immunohistochemical staining (refer 
to 2.2.3). 
3.2.3.1.2 Quantitative assessment 
Quantitative assessments were performed under light microscopy (Leica Laborlux, 
Wetzlar, Germany) and a high sensitivity video camera (AxioCam MRc5, Zeiss, 
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Göttingen, Germany). As the sections were made along the long axis of the tibia and 
the implant, histomorphometric analyses were carried out on both proximal and distal 
sides of the implant. To assess osseointegration, peri-implant bone formation, 
vascularization and callus formation, the following parameters were measured using 
image-analysis software (Axiovision 4.0, Zeiss, Göttingen, Germany):  
At the implant interface 
Bone-to-implant contact (BIC, %) was performed exclusively on the samples of the 28-
days loading experiment (refer to 2.3.2.1) (See Table 3.1). 
In the V-thread areas of the implant 
Two measurements were performed on the tissue spikes residing in the V-thread areas 
of the implant: bone area and vessel area.  
The bone area (BA, %), representing the percentage of bone occupying the V-thread 
regions located in the bone marrow, was scored (refer to 2.3.1.1 and Figure 2.1A). The 
mean BA was calculated for on average 12 regions per sample. 
The blood vessel area (VA, %) represents the area of blood vessels visualized by CD31 
immunostaining. VA was evaluated in 3 regions on both sides of the sample (refer to 
2.3.1.2, Figure 2.1B and Figure 2.1C). 
In the peri-implant endosteal and marrow region 
In the peri-implant endosteal and marrow region, the size and the bone content of the 
formed callus were quantified (refer to 2.3.1.3 and Figure 2.1C). 
3.2.3.2 Molecular analysis 
Sample collection and analysis were carried out by use of real-time PCR protocol to 
spot both bone formation- and resorption-related gene expression (refer to 2.4). 
3.3 Results 
Histological observations 
Qualitative histological analysis at consecutive time points revealed that in general a 
similar pattern of bone repair was observed in the test (loaded) and control (unloaded) 
implants, but those differences in responses were noticed between the immediate and 
conventional loading regimes. For the immediate loading regime, both new bone 
formation as well as bone remodelling was perceived. At the peri-implant cortex, bone 
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apposition from the host bone towards the implant as well as bone remodelling was 
observed at all experimental time points. In the peri-implant medullar region, woven 
bone was observed, originating from the endosteum and extending along the implant 
surface. Over time, this newly-formed bone was remodelled into denser, lamellar bone. 
For the conventional loading regime, mainly bone remodelling, rather than new bone 
formation, was observed. In the peri-implant cortex, signs of remodelling were noticed 
but without obvious changes of the cortical bone adjacent to the implant. In the peri-
implant medullar region, dense bone was noticed in close contact with the implant and 
was found to remain stable over time. 
Histomorphometry 
Implant osseointegration 
Bone-to-implant contact, indicating the degree of implant osseointegration, was 
measured in the 28-days loading experimental groups (see Table 3.1). Compared to the 
unloaded control, an increased BIC was induced by immediate loading (77.67% ± 
2.17% vs. 65.71% ±3.49%, test vs. control, p＜0.05), while no significant effect on 
BIC was observed in the conventional loading implants (75.91% ± 6.71% vs. 76.1% ± 
5.67%, test vs. control, p＞0.05).  
Bone formation and vascularization of the implant V-thread areas  
Loading had no manifest effect on the bone formation (BA) in either the immediate or 
conventional loading regime. However, BA significantly evolved over time (p<0.01) 
in the unloaded as well as loaded conditions. In the immediate loading regime, the BA 
score consecutively increased from day 4 to day 28 (p<0.01). In the conventional 
loading regime, on the other hand, higher BA scores were observed on day 21 and 28, 
compared to day 4 and 7 (p<0.01). 
The vascularization of the tissues (VA) was found to be unaffected by immediate or 
conventional loading in the 3 defined V-thread areas. A significant change in the 
vascularization over time was detected in both loading regimens, but only at the 1
st
 V-
thread tissue beneath the cortex (VA2) (p<0.01): in the immediate loading regime, VA 
increased from day 4 and reached its peak on day 7, and then gradually decreased till 
day 28 (Figure 3.1 A); in the conventional loading regime, VA remained stable over all 
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observation time points except on day 28 when a slight increase was noticed, 
compared to day 7, 14 and 21 (p<0.01) (Figure 3.1 B). 
Figure 3.1 Blood vessel area (VA, %) in the 1
st
 V-thread area beneath the cortex. 
Identical symbols refer to a significant difference between these time points regardless 
of loaded or unloaded (p<0.05, ANOVA). The double sign (**) indicates the significant 
peak of VA on day 7 compared to all other time points (p<0.01, ANOVA and post-hoc 
Tukey’s test). 
Callus and bone formation in the peri-implant endosteal and bone marrow region 
No loading effect on the size of the callus (C.Ar/T.Ar) and its bone content (B.Ar/C.Ar) 
was found in either the immediate or conventional loading regime. An increase of 
C.Ar/T.Ar over time was only observed after 28 days in the immediate loading regime, 
which was significantly different from 21 days (Figure 3.2 A). However, a constant 
increase in the amount of bone matrix in the callus (B.Ar/C.Ar) was clearly noticed in 
case of immediate regime (Figure 3.2 B) from 4 to 28 days. These temporal changes in 
C.Ar/T.Ar and B.Ar/C.Ar were not detected in the conventional loading regime. 
Gene expressions in the peri-implant cortical bone tissue 
Molecular assessment of the peri-implant bone response to loading was performed for 
the 7-days experiments (see Table 3.1). The average RNA yield was 53.95 (± 4.94) µg 
per explants. Immediate loading significantly upregulated Runx2 expression, with a 
2.3-fold change (p＜0.01) (Figure 3.3 A). No differences in the expression of the other 
bone formation markers, neither of the bone resorption markers was observed. 
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Similarly, conventional loading resulted in an increase of Runx2 (4.3-fold; p＜0.01). 
Additionally, a 22.3-fold upregulation of Opg (p < 0.05) (Figure 3.3 B) and an 
accompanying striking decrease of the RANKL/Opg ratio in response to conventional 
loading was found (p＜0.01) (Figure 3.4). 
 
Figure 3.2 Callus formation (C.Ar/T.Ar; %) and bone content (B.Ar/C.Ar; %) in the 
peri-implant endosteal and bone marrow region. Identical symbols refer to a 
significant difference over time (p<0.01, ANOVA and post-hoc Tukey’s test). 
 
Figure 3.3 Gene expression in the peri-implant cortical bone in response to immediate 
(A) and conventional (B) loading for 7 days (dotted line: normalized control; *p<0.05, 
**p<0.01, compared to the normalized control, ANOVA). 
 
 
Immediate                                Conventional  Immediate                              Conventional  
Immediate loading  Conventional loading  
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Figure 3.4 The ratio of RANKL/Opg 
expression in the peri-implant cortical 
bone in response to 7 days immediate 
and conventional loading (*p<0.05, 
ANOVA). 
 
 
3.4 Discussion 
The peri-implant tissue response to well-controlled immediate and conventional 
loading was investigated. It was hypothesized that (i) controlled implant loading 
accelerates osseointegration, and that (ii) the type and extent of the peri-implant tissue 
response to loading depends on the timing of load application (immediate or 
conventional). The formulated hypotheses are only partly confirmed: controlled 
implant loading does stimulate osseointegration but exclusively when applied 
immediately after implantation. However, neither immediate nor conventional loading 
was found to induce significant tissue and cellular changes in the peri-implant region 
during the experimental period. In contrast, the molecular analysis of the peri-implant 
cortical bone revealed a different upregulation of osteoblast/osteoclast-related genes 
for the two loading protocols after loading for 7 days. 
Histological observations and histomorphometrical analyses revealed the temporal 
peri-implant tissue characteristics at early (< 28 days, i.e. immediate loading regime) 
and late (>28 days, i.e. conventional loading regime) post-implantation stage. At the 
early stage, bone (re)modelling occurred in the peri-implant cortical region. 
Concurrently, woven bone was formed in the peri-implant bone marrow via 
intramembranous healing (Leonard et al., 2009; Vignoletti et al., 2009). Originating 
from the endosteum of the peri-implant cortex, this newly formed bone is considered 
to be an inherent response of early healing in the long bone (Eriksson et al., 2007). At 
the late stage, the cortical bone in the peri-implant region, as well as the dense lamellar 
bone in close contact with the implant in the bone marrow region, was hardly modified 
Immediate loading    Conventional loading 
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over time. This finding reflects a rather stable peri-implant bone tissue at this stage of 
healing. 
Controlled immediate loading - opposite to conventional loading - was found to 
enhance implant osseointegration. Immediate loading for 28 days resulted in a 
significant increase in BIC compared to the unloaded control, which is in line with 
previous findings from our group (De Smet et al., 2005; Duyck et al., 2006; Duyck et 
al., 2007; Vandamme et al., 2007c; Vandamme et al., 2008). Also, the absence of an 
effect of conventional loading on implant osseointegration corroborates available data 
(Sasaki et al., 2008; Wiskott et al., 2008). In contrast, Kim et al. (Kim et al., 2008) 
reported an enhanced BIC by conventional loading (with a load-free healing time for 3 
months) compared to immediate loading. As no unloaded group was included as 
internal control in their study, the BIC difference between the two groups may be 
explained by the difference of healing time. In the present study, the implants that were 
immediately loaded for 28 days obtained a similar degree of osseointegration (BIC: 
77.67% ± 2.17%) as the implants that received conventional loading for 28 days 
(75.91% ± 6.71%) or that were left to heal for 56 days (76.1% ± 5.67%). In this respect, 
the immediate loading accelerates implant osseointegration, although BIC data of 
immediate and conventional loading at earlier time points (e.g. 7, 14 or 21 days) are 
lacking. This study limitation excludes to assess the impact of immediate loading on 
the onset and extent of osseointegration (BIC). 
Regarding the bone density of the tissue spikes residing in the V-thread areas of the 
implant, no significant loading effect was observed for the two loading regimes. Only 
the bone area change over time was confirmed. An increase in bone area over time 
after implant surgery was also observed in previous rabbit studies, representing the 
healing dynamics of the host tissue in response to implantation (Slaets et al., 2006; 
2007). On the other hand, some evidence of increased peri-implant bone density 
induced by conventional loading is available (Wiskott et al., 2008), indicating that the 
formed peri-implant bone can be triggered to adapt to an altered biomechanical 
challenge. The discrepancy between this report and our results is likely due to the 
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applied loading protocol and the experimental period (e.g. loading magnitude stepwise 
up to 100 N and loading duration up to 14 weeks in the referred study). 
Peri-implant tissue vascularization is crucial to both peri-implant bone modelling and 
remodelling (Marco et al., 2005). Increased peri-implant vessel density can be found in 
the inflammatory stage of both physiological (e.g. implant healing) (Marco et al., 2005) 
and pathological (e.g. peri-implantitis) conditions (Cornelini et al., 2001). According 
to the results of the present study, the peri-implant vascularization increases and 
reaches its maximum 7 days after implantation (i.e. in the immediate regime). At the 
later stage after implantation (i.e. in the conventional regime), the peri-implant 
vascular density remains constant for most of the time. With reference to mathematical 
models and in vivo experiments, Geris et al. (Geris et al., 2010) suggested a consistent 
effect of immediate loading on improving angiogenesis in the peri-implant tissues. 
However, according to our data, both immediate and conventional loading failed to 
induce significant changes in blood vessel area.  A likely explanation is that the effect 
of loading on tissue vascularization is overruled by the healing response. Another 
explanation may be linked to the complexity of the vessel growth around implants and 
the variables that influence the vessel growth. A mesh-like appearance of a very 
intricate vessel network around implants was observed after loading for 1 year (Traini 
et al., 2006). The growth and distribution of peri-implant blood vessels was proposed 
to form and comply themselves into their environments. The environments include 
multiple variables (e.g. implant placement, loading, and host bone characteristics) that 
can either alone or in association influence the vascularization and its distribution 
(Traini et al., 2006). Nevertheless, more research on understanding angiogenesis and 
the vascular structure in peri-implant tissues is needed. 
Around all implants, endosteal callus formation was observed. However, neither 
immediate nor conventional loading was found to influence the size and bone content 
of the callus, when compared to the unloaded implants. An increase of the callus bone 
content was observed from 4 to 28 days, but this was no longer seen at later time 
points. Other than our findings, an enlarged endosteal callus induced by immediate 
loading was found in a rabbit study; whereas the bone composition of the callus was 
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not affected (Slaets et al., 2009). These contradictory results are probably due to 
differences in animal model and reference area selection. Compared to rodents, the 
rabbit displays faster skeletal adaptation and bone turnover (Pearce et al., 2007) and 
these characteristics may contribute to a different bone response to loading. In addition, 
a rather large reference area (2500 µm distance from the implant surface) was used in 
the rabbit model, whereas a smaller region was chosen in the current study (1500 µm). 
The latter resulted in higher endosteal callus values for both loaded and unloaded 
implants. The callus tissue farther away from the implant was excluded from the 
present selection area, but these tissues may be particular prone to loading as it is a less 
mature tissue with larger surfaces exposed to mechanical influences (Carter et al., 
1998). Hence the loading-mediated increase in endosteal callus, as reported by Slaets 
et al. (Slaets et al., 2009), could not be confirmed here. 
In vitro and in vivo studies support the notion that the mechanical environment affects 
gene expression of the cells adjacent to implants (Kokkinos et al., 2009; Vandamme et 
al., 2011). The results of the current study demonstrated that immediate implant 
loading upregulated Runx2, a key regulator of osteoblastogenesis (Datta et al., 2008). 
Likewise, conventional implant loading promoted Runx2 expression, with an 
additional upregulation of Opg (anti-osteoclastic marker) and a depressed RANKL/Opg. 
Bone remodelling is tightly controlled by RANKL and Opg and the ratio of 
RANKL/Opg is considered as the best marker to reflect the effect on bone resorption. 
(Boyce and Xing, 2008). It has been demonstrated that excessive micromotion at the 
bone-implant-interface – a key determinant in biological implant failure – can promote 
RANKL and inhibit Opg, thereby inducing an accelerated peri-implant bone resorption, 
even as early as 1 hour after the applied micromotion (Stadelmann et al., 2008). Other 
than excessive micromotion, the mechanical loading exerted onto the implant in the 
present study displayed a beneficial effect at the molecular level. Moreover, this 
anabolic potential was found to depend on the timing of application (i.e. immediate or 
conventional loading). 
In conclusion, controlled, moderate loading does not restrain the establishment nor the 
maintenance of implant osseointegration, and the peri-implant tissue remodelling. An 
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enhanced osseointegration can be expected when loading is initiated immediately after 
insertion. The finding that bone (re)modelling and vascularization in the peri-implant 
tissues was unaffected by both loading regimes suggests a strict localized effect of the 
controlled moderate implant loading. However, the observed gene expression changes 
in the tissues in the implant‘s vicinity in response to loading support the need for 
further exploration of the mechanisms underlying implant mechanobiology. 
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The effect of whole body vibration on peri-implant bone healing 
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effect of whole body vibration on peri-implant bone healing in rats. Clinical Oral 
Implants Research 2011 Mar;22(3):302-7.‖ 
―Ogawa T., Possemiers T., Zhang X., Naert I., Chaudhari A., Sasaki K., Duyck J. 
Influence of loading time on the impact of whole body vibration on peri-implant bone 
healing: a histomorphometrical study on rat. Journal of Clinical Periodontology 2011 
Feb;38(2):180-5.‖ 
―Ogawa T., Vandamme K., Zhang X., Naert I., Possemiers T., Chaudhari A., Sasaki 
K., Duyck J. Stimulation of titanium implant osseointegration through high frequency 
vibration loading is enhanced when applied at high acceleration. Calcified Tissue 
International 2014 Nov;95(5):467-75.‖ 
 
 
 
The principal investigator of the above publications is Dr. Toru Ogawa. The 
contribution of the PhD candidate to this chapter is to design and perform the 
experiments, and to prepare the manuscripts. 
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4.1 Introduction 
In this chapter, the beneficial effect of immediate controlled high-frequency 
mechanical loading, via whole body vibration (WBV), on peri-implant bone and bone-
to-implant contact was tested in 3 series of rat experiments. The null hypotheses to be 
tested are, (1) the immediate high-frequency loading has a positive effect on the peri-
implant bone and bone-to-implant contact and (2) that loading frequency, duration and 
acceleration (magnitude) are determining factors. 
Study 4.1 serves as an exploratory study to investigate whether or not WBV has a 
stimulatory effect by use of a step-wise frequency band from 12 to 150 Hz with a 
constant acceleration of 0.3 g. 
Study 4.2 describes a successive experiment to assess the effect of loading duration 
and sequence of WBV on peri-implant bone healing and osseointegration. It was 
hypothesized that the osteogenic response increases with increasing load duration and 
with the inclusion of a rest period. 
Study 4.3 deals with a study to explore the optimal combination of frequency and 
acceleration parameters of WBV in stimulating titanium implant osseointegration. It 
was hypothesized that (i) WBV loading is anabolic for titanium implant 
osseointegration, and that (ii) the most pronounced response of the peri-implant bone 
to WBV would be obtained for the loading regime with highest frequency and 
acceleration. 
4.2 Experimental design 
Animals and implants 
Adult male Wistar rats received an implant in the proximal metaphysis of one of both 
tibia (Figure4.1 a and b). The protocol of implant surgery was described in 2.1.1. The 
custom-made cylindrical screw-type implants (Ø: 2 mm × L: 10 mm) were obtained 
from a titanium rod (99.6%, Goodfellow Cambridge Ltd., Huntingdon, England) 
(Figure4.1 a). The implants were ultrasonically cleaned, etched with HF (4%) and 
HNO3 (20%), yielding a Ra value of 0.45 mm, and sterilized before surgery. 
Vibration device 
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A custom-made vibration device was used (Department of Mechanical Engineering, 
Division of Biomechanics. KU Leuven) (Figure4.1 c). As shown, the device can 
induce various loading conditions (Table 4.1). 
 
Figure 4.1 (a) Custom-made cylindrical screw-shaped implants (Ø: 2 mm×L:10 mm) 
obtained from a titanium rod (99.6%, Goodfellow Cambridge Ltd., Huntingdon, 
England). (b) Implant was placed in the proximal metaphysis of tibia. (c) Custom-
made vibration device (Department of Mechanical Engineering, Division of 
Biomechanics. KU Leuven) 
Specimen preparation and analysis 
After sacrifice of the animals, the implants and their surrounding tissues were retrieved, 
processed into PMMA sections (refer to 2.2.1.2), stained (2.2.2.2) and analyzed 
histomorpgologically. The measurements of BF and BIC, as well as selection of the 
region of interest (ROI), have been described in Section 2.3.2. 
Table 4.1 Characteristics of the vibration device 
Specification Value 
Range of frequency 1-150 Hz 
Range of accelerations 0.015-5 g 
Tolerances 10% 
Weight of the animal Maximum 1 kg 
Surface of the plate available for the animal 300×300 mm 
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PET imaging （For Study 4.1） 
Small-animal PET imaging was performed using micro PET (Focus 220, Siemens 
Medical Solutions, Knoxville, TN, USA), which has a transaxial resolution of 1.35mm 
in full-width at halfmaximum (Figure 4.2). The images were taken 1 day before 
implant installation, as well as 3, 5, 7, 10, 14 and 21 days after implantation (Figure 4.2 
b and c). 
Rats were injected with approximately 18.5MBq of [
18
F]sodium fluoride into a tail vein 
under 2.5% isoflurane gas anesthesia. To allow a reproducible positioning of the rats 
during scanning, the rats were secured on a fixation plate with four markers. Lower 
extremity images with a 15min acquisition time were obtained 80min after radioactive 
tracer injection. Data were acquired in a 128×128×95 matrix with a pixel size of 0.475 
mm and a slice thickness of 0.796mm. PET scan images were reconstructed using both 
filtered back projection and a statistical maximum posteriori probability algorithm 
(MAP). The contralateral proximal tibial metaphysis was used as a reference site. Plain 
radiographs of the lower limb with the fixation plate including the markers were taken 
to identify the implant and the reference site (Figure 4.2 d). 
PET data were analyzed and quantified using AMIDE (version 0.9.1, http://amide. 
sourceforge. net/index.html) (Loening and Gambhir, 2003). Regions of interest (ROIs) 
with an ellipsoid configuration (size: 5×3×3 mm) were defined around the implant and 
contralateral tibia within the same animal. The mean signal intensity (MBq/cc) was 
calculated using the AMIDE data analysis tool and converted to a standardized uptake 
value (SUV). Data were evaluated by two blinded observers. The uptake ratio (SUV 
implant ROI/SUV contralateral ROI) was compiled and analyzed at each time point. 
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Figure 4.2 (a) MicroPETscan session (Focus 220, Siemens Medical Solutions). 
Examples of positron emission tomography (PET) images taking (b) before the implant 
installation and (c) 7 days after implantation. The arrow indicates [
18
F]fluoride 
accumulation around the implant. (d) Plain radiographs of the lower limb including 
four markers (arrow). 
 
Loading protocol 
WBV started the next day post implant surgery.  
(1) For Study 4.1, a daily WBV was applied on the test group from the day of surgery 
onwards. The WBV consisted of 15 consecutive frequency steps (12, 20, 30, 
40, . . ., to 150 Hz). Each of these 15 frequencies was applied for 2000 cycles, at 
an acceleration of 0.3 g, for 5 days a week. The total WBV lasted 11min per day. 
The animal allocation according to loading protocol and experimental duration 
was showed in Table 4.2. 
Table 4.2 Animal allocation according to loading protocol and experimental duration 
(for Study 4.1) 
Experimental duration (days) 3 7 14 25 
WBV (n) 5 5 5 7 
Control (n) 5 5 5 5 
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(2) For Study 4.2, animals were randomly divided into two groups of different healing 
times. In one group (n=45 animals), the implants healed for 1 week, whereas the 
implants in the other group (n=50) healed for 4 weeks. Each group was subdivided into 
five groups with different loading times: a control group (no loading) and four test 
groups with 1.25, 2.5, 5 and twice 1.25 min (interval of 4 h) of loading. The vibration 
started the next day after surgery. The daily vibration consisted of 15 consecutive 
frequency steps (12, 20, 30, 40 . . . 150 Hz), applied in a randomized way, and all with 
a 0.3 g acceleration. Table 4.3 shows the loading scheme and animal allocation. 
(3) For Study 4.3, animals were randomly divided into 2 groups with different 
experimental periods. In one group (n=60) the experiment lasted 1 week, while in the 
other group (n = 60), the experiment endured for 4 weeks. Each group was subdivided 
into 6 groups: one unloaded control group (C) and 5 WBV loaded groups. Attempting 
to cover a wide range of peri-implant bone reactions, specific combinations of 
frequency ranges (classified as ‗low (FL)‘, ‗medium (FM)‘ or ‗high (FH)‘) and 
accelerations (classified as ‗low (AL)‘, ‗medium (AM)‘ or ‗high (AH)‘) were applied. 
The following WBV loading regimes were defined: 12-30 Hz at 0.3g (FLAH); 70-90 Hz 
at 0.075g (FMAM); 70-90 Hz at 0.3g (FMAH); 130-150 Hz at 0.043g (FHAL); and130-
150 Hz at 0.3g (FHAH) (Table 4.4). Each test group received 5 steps of loading. For 
example, for the animals of the group FMAH, WBV was applied at 70, 75, 80, 85 and 
90 Hz loading in a randomized way for 1 minute per frequency (total loading duration 
of 5 minutes). Groups FLAH, FMAH and FHAH were loaded with the same loading 
acceleration but with varying loading frequencies. Groups FMAM and FMAH, as well as 
group FHAL and FHAH shared common loading frequency ranges but with varying 
loading accelerations. Vibration loading started the day following surgery (‗immediate 
implant loading‘ as defined in the consensus report on the classification of loading 
protocols (Esposito et al. 2009) and was applied 5 days per week for either 1 week or 4 
weeks. 
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Table 4.3 Loading scheme and animal allocation (for Study 4.2) 
Group 
Experimental 
Duration (week) 
Loading time 
(min) 
Frequency 
(Hz) 
Acceleration 
(g) 
Control 
1 (n=9) 
4 (n=10) 
0 0 0 
Test 1 
1 (n=9) 
4 (n=10) 
5 
20s per each frequency 
12-150 0.3 
Test 2 
1 (n=9) 
4 (n=10) 
2.5 
10s per each frequency 
12-150 0.3 
Test 3 
1 (n=9) 
4 (n=10) 
1.25 
5s per each frequency 
12-150 0.3 
Test 4 
1 (n=9) 
4 (n=10) 
1.25×2 
5s per each frequency 
12-150 0.3 
Table 4.4 Frequency and acceleration parameters of the different loading regimes (for 
Study 4.3) 
 Frequency (Hz) Acceleration (g) 
Group Range Classification Value Classification 
C - - - - 
FL AH 12-30  low 0.3 high 
FM AM 70-90  med 0.075 med 
FM AH 70-90  med 0.3 high 
FH AL 130-150  high 0.043 low 
FH AH 130-150  high 0.3 high 
C, control; F, frequency; A, acceleration; L, low; M, medium; H, high 
 
4.3 Results 
4.3.1 Results of Study 4.1 
One rat in the test group died 7 days after implantation. In the control group, one rat 
was excluded after 14 days because of skin infection at the implant site. All other 40 
rats presented an uneventful implant healing. 
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Histological data from 7-day healed implants clearly showed an osteogenic reaction 
around the implants, particularly in the test group (Figure 4.3). After 25 days of healing, 
the peri-implant bone appeared to be denser (Figure 4.3). 
 
Figure 4.3 Histological sections of the test and control group after 7 and 25 days of 
healing. Scale bars: 1mm. 
Histomorphometrically, BIC and BF (ROI 1 and ROI 2) were significantly influenced 
by the loading and the healing time (p<0.01, ANOVA), whereas BF (ROI 3) was only 
significantly influenced by the loading (p<0.05, ANOVA) (Figure 4.4). 
The uptake ratio of [
18
F]fluoride increased during the first week after implant insertion 
and then decreased gradually (Figure 4.5). This tendency was observed in both the test 
and the control groups. Although no significant difference was found between the test 
and the control groups, the healing time did have a significant effect (p<0.001, 
Friedman test). 
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Figure 4.4 Histomorphometrical results of the bone-to-implant contact (BIC) and peri-
implant bone fraction (BF). The graphs show means and standard deviations of the 
BIC (a) and BF (b–d) for the different healing periods. BIC and BF (ROI 1 and ROI 2) 
were significantly influenced by the loading and the healing time (p<0.01, ANOVA). 
BF (ROI 3) was only significantly influenced by the loading (p<0.05, ANOVA). 
 
Figure 4.5 Change in uptake ratio of [
18
F]fluoride before and after the implant 
installation. 
4.3.2 Results of Study 4.2 
In the 4-week healing period, three samples were excluded from histomorphometrical 
analyses because of skin infection or technical failure during sample processing. 
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Histological observations 
Figure 4.6 shows a representative example of a loaded implant that was allowed to 
heal for 1 or 4 weeks. After 1 week of healing, a clear osteogenic response was 
observed. After 4 weeks of healing, the immature bone around the implant reorganized 
and became much denser. 
BIC analysis 
In Figure 4.7 a, BICs of the two healing periods are shown. BIC was significantly 
influenced by the loading time as well as by the healing period (ANOVA; p<0.01). A 
subsequent post hoc analysis indicated that the BIC of each test group was 
significantly higher than that of the control group in both the 1- and the 4-week healing 
periods (Tukey‘s HSD test; p<0.05 or p<0.01). Moreover, in the 4-week healing period, 
BIC was significantly higher in the twice 1.25 min loading group compared with the 
1.25min loading group (Tukey‘s HSD test; p<0.05). 
 
Figure 4.6 Representative images of the test and control group from the 1-week 
healing period (a) and the 4-week healing period (b). Scale bars: 1 mm.
BF analysis 
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BF at 0–100 μm (ROI 1) 
Although no significant difference in BF was observed between the two healing 
periods (ANOVA; p>0.05), BF was significantly influenced by the loading time 
(ANOVA; p<0.01) (Figure 4.7 b). In the 1-week healing period, it was found that the 
test groups, except for the 2.5 min loading group, showed a significantly higher BF 
than the control group (Tukey‘s HSD test; p<0.05 or p<0.01). In the 4-week healing 
group, a significant difference was found between the control and the 5 min loading 
group (Tukey‘s HSD test; p<0.05) and also between the control and the twice 1.25 min 
loading group (Tukey‘s HSD test; p<0.01). Moreover, BF of the twice 1.25 min 
loading group was significantly higher than both of the 1.25 min and the 2.5 min 
loading groups (Tukey‘s HSD test; p<0.05). 
 
Figure 4.7 Histomorphometrical results of the bone-to-implant contact (BIC) and bone 
fraction (BF). The graphs show the means and standard deviations of the BIC (a) and 
BF (b–d) for the different healing periods (Tukey’s HSD test; *:p<0.05,**:p<0.01).
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BF at 100–500 μm (ROI 2) 
BF (ROI 2) was significantly influenced by the loading time as well as by the healing 
period (ANOVA; p<0.01). In the 4-week healing period, a statistical difference 
between the twice 1.25 min loading group and the control group, as well as between 
the twice 1.25 min and the 1.25 min loading group, was found (Tukey‘s HSD test; 
p<0.05) (Figure 4.7 c). 
BF at 500–1000 μm (ROI 3) 
Although no statistical difference in BF was observed between the two healing periods, BF 
was significantly influenced by the loading time (ANOVA; p<0.01) (Figure 4.7 d). 
For the 4-week healing period, the BF of the twice 1.25 min loading group is 
statistically higher than the control group and the other loading groups, except for the 
2.5 min loading group (Tukey‘s HSD test; p<0.05 or p<0.01). 
4.3.3 Results of Study 4.3 
All but 1 implant healed uneventfully. The latter implant (unloaded, 1 week CTR-
group) was excluded from the study.  
Histological observations 
A representative example of an unloaded vs. WBV loaded implant for 1 week and 4 
weeks of loading is shown in Figure 4.8. An osteogenic response at the implant surface 
and in the implant vicinity could be observed histologically already 1 week after 
implant installation. At the cortical level, bone remodelling with necrotic bone 
remnants as well as newly formed bone trabeculae was seen. In the medullar region – a 
region devoid of bone tissue prior to implant installation – newly formed tissue was 
observed around the implant, consisting of fibrovascular stroma with bone trabeculae. 
The bone formation occurred exclusively via a primary repair sequence, without a 
cartilaginous intermediary. In unloaded conditions, the amount of newly formed bone 
along the implant surface decreased with increasing distance from the cortex. This 
reflects the process of appositional bone growth, originating from the endosteal 
cortical trabeculae. This was observed in particular at the distal side, the side without 
native metaphyseal bone trabeculae. Owing to the osteoconductivity of a titanium 
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implant, the peri-implant bone growth extended further towards the middle of the 
implant. In case of WBV loading however, it was observed that the width of the peri-
implant bone collar along the entire implant length was more uniform, suggesting that 
other (i.e. progenitor cells) than resident bone cells, in response to mechanical 
stimulation, contributed to the bone formation. Indirect implant loading through whole 
body vibration for 1 week resulted in a non-site-dependent anabolic bone response at 
the medullar level.  
 
Figure 4.8 Representative image of unloaded and WBV loaded implants from the 1-
week and the 4-week experimental period. Scale bar: 1 mm. Bone formation took place 
adjacent to the implant in the medulla after 1 week of healing for both unloaded (a) 
and loaded (b) implants. Reorganization of the newly formed peri-implant bone, 
indicative for bone remodelling, led to dense bone adjacent to both unloaded (c) and 
WBV loaded (d) implants. 
After 4 weeks of unloaded or loaded healing, irrespective of the applied WBV loading 
regime, the newly formed bone had matured and was reorganized into lamellar, i.e. an 
orderly deposition of the collagen fibers as observed by microscopy, bone tissue. At the 
same time, less cuboidal-shaped osteoblasts were noticed in both the cortical and 
medullar region, indicative for a restricted bone formation activity.  Furthermore, the 
amount of the lamellar bone deposited onto the implant surface was found to be 
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dependent on the loading protocol. In the absence of loading, a thin bone ‗shell‘ of 
uniform thickness along the entire implant was observed. In contrast, in response to 
WBV loading, a striking increase in the width of the peri-implant bone could be 
discerned: a thick bone ‗collar‘ around the implant was formed, starting from both the 
medial and lateral cortex and almost connecting. 
Histomorphometrical analysis 
Bone-to-implant contact (BIC)  
BIC was significantly influenced by HF-LM loading as well as by the duration of the 
loading period, without interaction between the factors (ANOVA; p < 0.0001) (Table 
4.5). BIC increased over time (Figure 4.9). Post-hoc analysis exploring differences in 
BIC between the different loading regimes revealed that BIC in each WBV loaded 
group was significantly higher compared to the unloaded group (Tukey HSD test; p < 
0.0001). Furthermore, the loading regimes at medium and high frequency combined 
with a high acceleration protocol (FMAH and FHAH) resulted in the highest BIC values, 
which were significantly different from BIC values obtained after WBV stimulation at 
low frequency high acceleration (FLAH) and at medium frequency with medium 
acceleration (FMAM) (Tukey HSD test; p < 0.02 and p < 0.005 respectively) (Figure 
4.9).  
 
Figure 4.9 Histomorphometrical results of BIC. Means and standard deviations for the 
2 experimental terms and for the different loading conditions are shown. * Significant 
different versus control group (CTR); ** Significant different versus FLAH and FMAM 
(Post-hoc Tukey HSD test). 
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Peri-implant bone formation (BF)  
The peri-implant bone formation reaction to WBV HF-LM loading was significantly 
influenced by the duration of the loading term, with a decrease over time (ANOVA; p 
< 0.0001). Furthermore, BF was significantly influenced by WBV loading, but solely 
in the region closest to the implant surface (BF_ROI1) (ANOVA; p < 0.001) (Table 
4.5). No interaction was found between the duration and the loading mode factors. In 
contrast to BIC where an overall significant increase was found between WBV loaded 
and unloaded implants, post-hoc analyses revealed selected increases for the peri-
implant BF in response to WBV loading (Tukey HSD test; p < 0.02 for FLAH and FHAM, 
and p < 0.001 for FMAH and FHAH) (Figure 4.10). No significant differences for 
BF_ROI1 were found between FMAM loaded and unloaded control implants. Moreover, 
likewise the BIC results, the highest BF responses were found for the loading regimes 
at medium and high frequency combined with a high acceleration protocol (FMAH and 
FHAH). These differed significantly from the results of the FMAM loading protocol 
(Tukey HSD test; p < 0.005 and p < 0.001 respectively) (Figure 4.10). 
 
Figure 4.10 Histomorphometrical results of BF for the 3 regions of interest (a to c). 
Means and standard deviations for the 2 experimental terms and for the different 
loading conditions are shown. An asterisk denotes a statistically significant difference 
relative to the unloaded group (CTR).A double asterisk denotes a statistically 
significant difference relative to the FMAM (Post-hoc Tukey HSD test). 
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Table 4.5 ANOVA results of the effect of the independent variables (i.e. the duration of 
the experimental period, of the loading mode and their interaction) on the dependent 
variables (i.e. BIC and BF) 
 Duration Loading_Mode Duration*Loading_Mode 
BIC p < 0.0001 p < 0.0001 p = 0.190 
BF_ROI1 p < 0.0001 p < 0.001 p = 0.962 
BF_ROI2 p < 0.0001 p = 0.519 p = 0.753 
BF_ROI3 p < 0.0001 p = 0.555 p = 0.524 
4.4 Discussion 
4.4.1 Discussion on Study 4.1 
An explorative investigation was firstly performed to assess the potential effect of HF-
LM loading, via WBV, on peri-implant bone healing and implant osseointegration. The 
main hypothesis, stating that HF-LM loading has a positive effect on peri-implant bone 
healing and implant osseointegration, is confirmed by the histomorphometrical results.  
A comparable study evaluated the vibration effect on peri-implant bone in 
ovariectomized rats after a 14-day healing period by means of microCT (Akca et al., 
2007). The results inferred that HF-LM loading remarkably enhanced bone volume 
density and trabecular number around titanium implants compared with the controls. 
Also in bone defect healing, a positive effect of HF-LM loading was reported (Omar et 
al., 2008). This suggests that HF-LM loading has the potential to positively affect peri-
implant bone healing and osseointegration, which was in line with the findings of the 
current research. 
To evaluate the effect of the HF-LM loading in relation to the presence of the implant, 
three different peri-implant sites were defined in this study. Whereas both vibration 
loading and healing time appeared to have a significant effect on the BF in ROI 1 and 
ROI 2, only the vibration effect was significant in ROI 3. This might reflect the effect 
of the loading stimulation to bone, independent of the peri-implant bone healing. 
Although significant loading effects were found in all reference sites, the loading effect 
seems to fade along with the distance from the implant, as indicated by the F-value of 
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the loading effect (ROI 1: 16.5, ROI 2: 10.2, ROI 3: 5.2, ANOVA). The higher this F-
value, the more distinct the loading effect. These findings suggest that HF-LM loading 
had an accelerating effect on the peri-implant bone healing exceeding the pure 
osteogenic stimulus to the mature bone. 
This study also validated the potential of PET imaging with [
18
F]fluoride to evaluate 
bone metabolism changes due to implant installation and WBV. The uptake of 
[
18
F]fluoride is proportional to the degree of active bone remineralization during 
homeostatic bone turnover. Implant installation caused a significant increase in bone 
metabolic activity around the implant. This uptake around the implants increased until 
7 days after implantation and gradually decreased thereafter, which is in line with 
previous studies (McCracken et al., 2001; Sasaki et al., 2008). 
The uptake ratio around the implant relative to a control region in the contralateral 
region was calculated for the test (loaded) animals as well as for the control (unloaded) 
animals. As the whole body of the test animals was subjected to the HF-LM loading, 
the contralateral control region was also subjected to this stimulation. In the control 
animals, neither the peri-implant nor the contralateral bone was loaded. The uptake 
ratio therefore reflects the impact of implant installation on the bone metabolic activity 
rather than the effect of the loading. This is the major reason for the lack of difference 
in the uptake ratio between the test and the control animals. 
There was, however, a tendency towards higher uptake ratios in the control animals 
compared with the test animals. This implies that the relative importance of implant 
installation on the bone metabolic activity was the highest in the absence of loading. 
For the test animals, the WBV loading seemed to minimize the dominant impact of 
implant installation on the bone metabolic activity. 
4.4.2 Discussion on Study 4.2 
Based on the first study, which found a positive effect of the HF-LM loading on peri-
implant bone (Ogawa et al. 2010), here we further investigated the influence of time 
factors on the impact of the HF-LM loading on peri-implant bone. It was hypothesized 
that these time factors do play a role on peri-implant bone healing and osseointegration. 
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To test our hypothesis, the loading group was subdivided into four groups with 
different loading durations and with or without a recovery period. The overall results of 
the post hoc analysis (Tukey‘s HSD test) clearly showed that the twice 1.25 min 
loading group exhibited the most pronounced stimulating effect on BIC and BF in all 
three ROIs after 4 weeks of healing. The positive influence of the twice 1.25 min 
loading can be explained by the inclusion of a rest period between two loading sessions 
per day. Robling et al. (Robling et al., 2000; Robling et al., 2002) already indicated the 
beneficial effect of such rest periods on loading induced bone formation. They found 
that division of a given bout of loading cycles into several loading sessions could lead 
to an increase of the bone response to the mechanical intervention. This rest period 
seems to allow an optimal recovery of the cell‘s mechanosensitivity, which was 
believed to decrease along with loading due to bone cells possessing the ability to 
accommodate their physical and biological environment (Turner, 1999). As proposed 
by Robling et al. (Robling et al., 2000), the loss of mechanical sensitivity, and 
subsequent resensitization following a load free recovery period, is mediated in part by 
the actin cytoskeleton in bone cells. 
Not just the insertion of a rest period but also the duration of this rest period is 
important for the positive effect on BIC and BF. This rest period was 4 h in the current 
study. Some researchers investigated the optimal recovery period of 
mechanosensitivity in more detail (Robling et al., 2001a; Umemura et al., 2002). 
Robling et al. (Robling et al., 2001a) reported that a rest period as short as 10 s after 
each loading cycle within a bout can transform an otherwise ineffective loading regime 
into a highly osteogenic stimulus. Furthermore, it was shown that a rest period of 4 h 
presented a significantly improved osteogenic effect than the no-rest group (Robling et 
al., 2001a). This positive effect of the 4 h rest-time between loading sessions on the 
loading-induced bone response might offer a reasonable explanation for the findings in 
our study. 
Regarding the loading duration, no significant differences were observed among the 5, 
2.5 and 1.25 min loading groups. Nevertheless, several studies (Rubin and Lanyon, 
1984; Turner et al., 1994; Umemura et al., 1997) indicated that the prolonged duration 
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of loading could significantly increase the bone formation rate and the bone mineral 
content. However, it was also reported that after a certain threshold, saturation occurs 
and results in a plateau (Burr et al., 2002; Turner et al., 1994; Umemura et al., 1997). 
This might be an explanation for the lack of a significant difference among the 5, 2.5 
and 1.25 min loading groups. 
Interestingly, the results of the current as well as our previous study (Ogawa et al., 
2011b) reveal that the loading effect seems to be more distinct in the area closest to the 
implant (BIC and BF of ROI 1). There are three possible reasons to explain for this. 
The first is that differentiating tissues react better to loading than non-differentiating 
tissues in a condition such as bone healing (Goodship et al., 2009; Omar et al., 2008; 
Shi et al., 2010). As the differentiating tissues are mainly located at the interface, the 
loading effect is supposed to be more distinct in the neighboring region. Secondly, 
there could be an additional loading-related influence on peri-implant bone healing and 
osseointegration because of the interface between the titanium implant and its 
surrounding bone. Because of the different material properties of titanium and bone, 
these materials will behave differently to the loading, thereby creating a certain 
mechanical environment at the interface, which is likely to differ from the rest of the 
bone (Duyck et al., 2007; Vandamme et al., 2007b). This particular mechanical 
situation might be responsible for a different kind of cell triggering and deposition of, 
e.g. ions such as calcium and phosphate ions (Ho & Melbin, 2005), which may also 
contribute to faster osseointegration. Finally, there is the combination of the two 
previously mentioned reasons. However, these mentioned possibilities need further 
investigation. 
Clear differences were observed between the results after 1 versus 4 weeks. BIC was 
significantly higher after 4 weeks of healing. This observation can probably be 
explained by the process of osseointegration. After 1 week, BIC can be established by 
bone apposition from the surrounding bone in those implant regions that were initially 
not in direct contact with the bone. In the areas where the bone was in direct contact 
with the implant, a process of bone resorption needs to precede the bone apposition 
(Botticelli et al., 2003; Botticelli et al., 2005). This implies that there is a phase of 
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decreasing BIC before the implant becomes biologically integrated. After 1 week of 
healing, considerable woven bone formation is observed in the medullar area. After 4 
weeks, this newly formed bone decreased in volume and has rearranged into denser 
and better organized bone, often in contact with the implant. 
As mentioned before, besides time factors, there are many more loading parameters 
such as magnitude or frequency that affect the loading effect. These factors, as well as 
their interaction, should be investigated in order to establish an optimal bone-
stimulating loading regime to enhance peri-implant bone healing and osseointegration. 
4.4.3 Discussion on Study 4.3 
An attempt to further analyze the role of particular vibration parameters on the bone 
response around integrating titanium implants, the third study was performed. The 
provided evidence that the extent of the bone reaction to WBV depends on the 
characteristics of the composing parameters ( Rubin & McLeod 1994; Oxlund et al. 
2003; Judex et al. 2007; Hwang et al. 2009) was anticipated for the implant 
osseointegration setting in the present study. More in particular, the constituting 
parameters (i.e. ‗frequency‘ and ‗acceleration‘) on the bone tissue kinetic response 
around titanium implants were under investigation. Frequencies of 12-30 Hz, 70-90 Hz 
and 130-150 Hz, and accelerations of 0.043g, 0.075g and 0.3g were applied. It was 
hypothesized that (i) WBV has an anabolic effect on implant osseointegration and that 
(ii) the loading regime with the highest frequency and acceleration results in the most 
pronounced constructive peri-implant bone reaction.  
Mechanical loading plays a pivotal role in bone homeostasis. Bone‘s sensitivity to 
mechanical demands in the negative and positive direction is illustrated by disuse and 
exercise studies respectively (Vico et al. 2000, Kontulainen et al. 2003). At the same 
time, it is well known that bone has a constant level of activity, aiming to keep bone 
tissue strains at an optimal level by altering bone structure designated as remodelling 
(Frost 2004). In response to injury or biomaterial installation, bone healing (modeling) 
precedes the bone remodelling. The response to the trauma of inserting a screw in the 
tibial bone was on the one hand cortical bone remodelling, and on the other hand 
medullar trauma-induced membranous bone formation with subsequent remodelling. 
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The new bone formation is important for the strength of screw fixation, and increased 
bone formation at early stages in the incorporation process may provide a better long-
term prognosis (Ryd et al. 1995). The findings revealed that the least marked bone 
apposition onto the implant (quantified by ‗bone-to-implant contact‘) was recorded 
when the rats were normal weight bearing (unloaded group), resulting in a retarded and 
a depreciated implant osseointegration compared to all tested loading regimes. 
Furthermore, an impressive anabolic medullar bone response to whole body vibration 
loading in the implants‘ vicinity (measured as ‗peri-implant bone formation‘) was 
observed, reflecting that this peri-implant modeling- and remodelling-based bone 
formation is noticeable influenced by vibration loading. These findings confirm the 
amply provided evidence for an enhanced implant osseointegration through mechanical 
loading (Duyck et al. 2006; De Smet et al. 2006; Leucht et al. 2007), and the 
corroborating evidence for the positive effect of HF-LM loading on titanium implant 
osseointegration (Akca et al. 2007, Chen et al. 2011, Ogawa et al. 2011a, Ogawa et al. 
2011b). The 1
st
 hypothesis – i.e. WBV loading is anabolic for titanium implant 
osseointegration – was herewith sustained. 
Analogous to the findings of the pilot experiments of the authors‘ group (Ogawa et al. 
2011b, Ogawa et al. 2011a), a significant decrease in peri-implant bone formation with 
increased time lapse was noted. Furthermore, the amount of medullar callus tissue 
declined with extending distance from the implant surface. These findings illustrate the 
progressive stages of ossification of the repair tissue which was formed by the 
osteoprogenitor cells in the marrow, the endosteal surface and the adjacent trabeculae 
(Xu et al. 2009), in interplay with the osteoconductive property of titanium (Le 
Guehennec et al. 2007). Finally, differences between loaded and unloaded samples in 
this medullar bone formation were observed. Absence of stimulation resulted in the 
removal of the newly formed bone in this area and maximal reestablishment of the 
medullary canal, whereas loading preserved the bone. As these loading-related 
differences were significant for the reference area closest to the implant surface (ROI1), 
and not for the distant areas ROI2 and ROI3, it is suggested that the loading, although 
applied indirectly through whole body vibration – and not directly through direct 
implant loading – exerted its effect via the titanium implant and created site-specific 
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mechanical conditions. The local mechanical environment resulted in loading stimulus 
perception by differentiating interfacial tissues rather than by the established distant 
tissue.    
In order to gain a better understanding into the contribution of the component(s) that 
control the bone response to HF-LM loading, efforts were made on deconstructing the 
dynamic loading cycle into its frequency and acceleration constituent elements. 
Frequencies and accelerations classified as low, medium or high were assigned and 
combined. It was observed that the loading mode with the highest acceleration (0.3g), 
combined with medium (70-90 Hz) or high (130-150 Hz) frequency (groups FMAH and 
FHAH respectively) resulted in significantly more bone apposition onto the implant 
(bone-to-implant contact) compared to the corresponding loading mode at low 
frequency (FLAH; 12-30 Hz at 0.3g) and to the medium frequency and acceleration 
protocol (FMAM; 70-90 Hz; 0.075g). These data establish bone‘s ability to discriminate 
between vibration frequencies when loading at high acceleration, and indicate that 
focusing on the loading bouts frequency and on the duration for a specific frequency is 
an attractive strategy for the optimization of WBV intervention in biomaterial 
integration. The FMAH and FHAH loading regimes were also the best performing in 
terms of formation of bone adjacent to the implant surface (bone formation in ROI1), 
but solely significantly differing from FMAM. Our 2
nd
 hypothesis – i.e. the loading 
regime with the highest frequency and acceleration will result in the most pronounced 
constructive peri-implant bone reaction – could only partly be confirmed: the loading 
regime at medium frequency - high acceleration is as potent as the FHAH protocol for 
enhancing titanium implant osseointegration.  
The degree by which variations in the parameters defining a WBV intervention alter 
the efficacy of the low-level mechanical signals for the implant setting are now starting 
to become unraveled. However, the importance of the host bone characteristics, i.e. the 
quality and the related vascularization, has not been profoundly recognized in this 
context. It has been repeatedly shown that WBV can serve as an anabolic signal to a 
skeleton even upon the withdrawal of estrogen ( Verschueren et al. 2004, Rubin et al. 
2006, Akca et al. 2007, Judex et al. 2007, Sehmisch et al. 2009,Tezval et al. 2011). But 
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while interference of osteoporosis with the implant-tissue integration process has been 
evidenced (Ozawa et al. 2002, Vandamme et al. 2011), only 2 studies were published 
on the effect of HF-LM mechanical vibration on peri-implant bone volume in 
osteoporotic rats (Akca et al. 2007, Chen et al. 2011). Future studies probing the 
interdependence of WBV mechanical parameters and covering the host bone properties 
will provide important clues towards identification of the physical mechanisms by 
which WBV perturbs bone's cellular activity. 
Several limitations of this study need to be addressed. We did not do any 
measurements to shed light on the mechanical fixation of screws, nor of the induced 
strain environment. This information, particularly at the initial phases of implant 
osseointegration, would be valuable for the interpretation and further optimization of 
HF-LM loading protocols. Furthermore, not all possible combinations of ‗frequency‘ 
and ‗acceleration‘ (L-M-H) for the 2 experimental periods (1w-4w) were investigated, 
thereby rendering the full exploration of their interaction effects in a 3-way ANOVA 
and consequently of their selective individual effects on the peri-implant bone 
incomplete. Finally, the evidence provided in the present and in previous studies on the 
positive effect of high-frequency loading on implant osseointegration is mainly derived 
from tissue level findings. Bone generation in peri-implant bone regeneration in 
response to mechanical loading needs to be further explored in terms of the implicated 
molecular regulatory mechanisms. Advanced gene and protein expression approaches 
may contribute towards an understanding of the mechanisms involved in bone 
mechanotransduction at the in vivo titanium bone-implant interface. 
 Acknowledgements: The authors highly acknowledge Dr. Siegfried Jaecques (KU 
Leuven) for his assistance in the development and production of the vibration device. 
This study was funded by the Research Council of the KU Leuven (Belgium) 
(OT07/059) and the Fund for Scientific Research Flanders (G.0726.09). We would like 
to thank Dr. H. van Lenthe for his scientific advice. 
Chapter 4 | 78 
 
Chapter 5 | 79 
 
 
 
 
 
 
 
Chapter 5 
In vivo assessment of the effect of controlled high- and low-
frequency mechanical loading on peri-implant bone healing  
 
 
This chapter is based on the publication ―Zhang X., Vandamme K., Torcasio A., 
Ogawa T., van Lenthe G.H., Naert I., Duyck J. In vivo assessment of the effect of 
controlled high- and low-frequency mechanical loading on peri-implant bone healing. 
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Abstract 
Objective: The aim of this study was to investigate the effect of controlled high- and 
low-frequency mechanical loading on peri-implant bone healing. 
Materials and methods: Custom-made titanium implants were inserted in both tibiae 
of 69 adult Wistar rats. For every animal, one implant was loaded by compression 
through the axis of tibia (test) while the other one was unloaded (control). The test 
implants were randomly distributed among 4 groups receiving different loading 
regimes which were determined by ex vivo calibration. Within the high- (HF, 40Hz) or 
low-frequency (LF, 2Hz) loading category, the magnitudes were chosen as low- and 
high-magnitude respectively (LM, HM), leading to constant strain rate amplitudes for 
the two frequency groups. This resulted in the 4 loading regimes: (i) high-frequency 
low-magnitude (HF-LM, 40Hz-0.5N); (ii) high-frequency high-magnitude (HF-HM, 
40Hz-1N); (iii) low-frequency low-magnitude (LF-LM, 2Hz-10N); and (iv) low-
frequency high-magnitude (LF-HM, 2Hz-20N) loading. Loading was performed 5 
times per week and lasted for 1 or 4 weeks. Tissue samples were processed for 
histology and histomorphometry (bone-to-implant contact (BIC) and peri-implant bone 
fraction (BF)) at the cortical and medullar level. Data were analyzed statistically with 
ANOVA and paired t-tests with the significance level set at 0.05. 
Results: For the one-week experiments, an increased BF adjacent to the implant 
surface at the cortical level was exclusively induced by the LF-HM loading regime 
(2Hz-20N). Four weeks of loading resulted in a significant effect on BIC (and not on 
BF) in case of HF-LM loading (40Hz-0.5N) and LF-HM loading (2Hz-20N): BIC at 
the cortical level significantly increased under both loading regimes, whereas BIC at 
the medullar level was positively influenced only in case of HF-LM loading.  
Conclusions: Mechanical loading at both high- and low-frequency affects 
osseointegration and peri-implant bone fraction. Higher loading magnitudes (and 
accompanying elevated tissue strains) are required under low-frequency loading to 
provoke a positive peri-implant bone response, compared to high-frequency loading. A 
sustained period of loading at high-frequency is needed to result in an overall enhanced 
osseointegration. 
Keywords: animal; implant; loading frequency; mechanobiology; osseointegration. 
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5.1 Introduction 
In orthopedics and implant dentistry, a variety of strategies have been explored to 
achieve a solid and rapid osseointegration, which is required for early implant loading. 
Accordingly, the biological basis of such an objective is a controlled and fast peri-
implant bone healing, which implies bone regeneration and remodelling. The 
mechanical environment plays an important role in bone (re)modelling by which the 
existing bone‘s mass, shape and structure is adapted to its mechanical challenge (Judex 
et al., 2009; Ozcivici et al., 2010a). In line with this general concept, the effect of 
mechanical loading on bone regeneration and remodelling also applies to bone around 
titanium implants (Duyck et al., 2006; Duyck et al., 2007; Isidor, 2006). Findings from 
in vivo studies have shown that well-controlled mechanical loading at low-frequency 
can improve bone formation at the implant surface and in the peri-implant region 
(Duyck et al., 2006; Duyck et al., 2007; Isidor, 2006; Vandamme et al., 2007c; 
Vandamme et al., 2008). 
The interest in high-frequency mechanical loading – i.e. a frequency beyond the 
physiological frequency (～3 Hz of human mastication) – grows because an increasing 
number of studies indicate its stimulating effect on bone formation and fracture healing 
(Goodship et al., 2009; Hwang et al., 2009; Judex et al., 2007; Omar et al., 2008). 
Together with the findings of clinical studies (Gilsanz et al., 2006; Judex et al., 2009; 
Rubin et al., 2004), the advantages of mechanical loading at high-frequency are 
believed to be safe and efficient. The latter refers to the evidence that high-frequency 
mechanical loading improves the bone‘s mechanical properties, thereby promoting its 
properties to withstand the physiological demands (Ozcivici et al., 2010a). This makes 
high-frequency mechanical loading a potent non-pharmacological intervention for 
osteoporosis, fracture healing and beyond (Gilsanz et al., 2006; Ozcivici et al., 2010a; 
Rittweger et al., 2010; Rubin et al., 2004). 
Several in vivo systems for applying high-frequency loading have been successfully 
used, such as whole body vibration (Hwang et al., 2009; Judex et al., 2007) and 
individual limb compressive loading (Christiansen et al., 2009; De Souza et al., 2005). 
Whole body vibration experiments have evidenced the beneficial effect of high-
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frequency loading on bone (Goodship et al., 2009; Hwang et al., 2009; Judex et al., 
2007) and on titanium implant osseointegration (Akca et al., 2007; Ogawa et al., 
2011b). On the other hand, the accessibility of local strain quantification and the 
feasibility of controlling the individual loading parameters render the compressive 
loading mode appropriate for performing a parametric study. However, the 
compressive loading model has not been tested for the peri-implant setting thus far. 
Moreover, the specific contribution of the individual loading parameters (magnitude, 
frequency, rate, duration of loading) on the resulting peri-implant bone tissue response 
to high-frequency loading remains partly unknown.  
In an effort to further optimize mechanical loading protocols that enhance implant 
osseointegration, we tested the hypothesis that a high-frequency signal may be more 
effective in stimulating implant osseointegration than a low-frequency signal, and that 
the differential sensitivity is dependent on the induced loading magnitude. To do so, 
the peri-implant tissue response to mechanical loading at high- and low-frequency was 
assessed by means of the rat tibia compression model. 
5.2 Experimental design 
Animals and surgical procedure 
Seventy-seven male Wistar rats were used in the present study. Eight of these rats were 
used for the determination of the loading protocol by means of ex vivo strain gauge 
measurements. The remaining 69 rats were used for the in vivo evaluation of peri-
implant tissue response to loading. 
Custom-made cylindrical screw type implants (ø: 2 mm × L: 8 mm) were obtained 
from titanium rods (99.6% Ti, Goodfellow Cambridge Ltd., Huntingdon, England) 
(Figure 5.1 a). The implants were ultrasonically cleaned with distilled H2O and etched 
with a solution of HF (4%) and HNO3 (20%), resulting in a roughness value Ra of 0.45 
µm. Implants were sterilized prior to surgery. Implants were installed bi-laterally in the 
medioproximal site of tibia (refer to 2.1.1).  
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Figure 5.1 Implant design, ex vivo calibration and in vivo loading are illustrated. (a) 
Commercially pure titanium custom-made screw-shaped implant (ISO M2 screw-
thread protocol). (b) Ex vivo strain gauge measurements were performed on excised 
hind limbs in order to determine the relation between the applied loading force and the 
resulting strain in proximity of the implant. (c) An in vivo axial compressive loading 
was applied by two custom-made loading cups of a testing system (Bose TestBench 
LM1, EnduraTEC Systems Group, Bose Corp., Minnetonka, MN, USA). 
Quantification of peri-implant bone strains  
Bone strains measured on 8 excised rat hind limbs before and after implant placement 
(Torcasio et al., 2011; Torcasio et al., 2012) were used to establish the relationship 
between the applied load and the resulting bone strain. In short, a single element strain 
gauge (type FLG-02-11, TML, Tokyo Sokki Kenkyujo Co., Ltd.) was glued onto the 
exposed lateral bone surfaces of the intact tibiae at 25 % of the tibia length. The limbs 
were placed in between 2 loading cups of a testing device (BOSE TestBench LM1, 
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EnduraTEC Systems Group, Bose Corp., Minnetonka, MN, USA) and strain was 
measured at compressive forces of 2.5, 5.0, 7.5 and 10 N, respectively, at a rate of 0.5 
mm/sec. Measurements were performed five times after complete removal and 
repositioning of the limbs into the loading cups. The experiments were repeated on 
each specimen after the insertion of a titanium screw-shaped implant of 2 mm diameter 
1.5 mm distal to the strain gauge site. Mean strain and standard deviation over the 5 
repetitions were calculated for each limb before and after implant insertion. 
In vivo mechanical loading 
Rats were randomly allocated to 8 groups, corresponding to 4 different loading regimes 
and 2 experimental periods (Table 5.1). The 1-week and the 4-week loading groups 
were loaded consecutively. The loading regimes consisted of high-frequency (40 Hz; 
HF) and low-frequency (2 Hz; LF) protocols. Within each frequency category, the 
strain amplitude varied 2-fold (i.e. low- (LM) and high- (HM) magnitude, respectively). 
The combined loading frequency and magnitude resulted in identical strain rate 
amplitudes between the frequency categories (identical strain rate amplitudes for HF-
LM and LF-LM, and for HF-HM and LF-HM). The test tibiae (= loaded) were held in 
loading cups and subjected to dynamic axial loads (Figure 5.1 c). Loading was initiated 
one day post implant installation. The load application took 10 minutes per session and 
was performed 5 times a week. The implant in the contralateral tibia served as 
unloaded control (= unloaded). Anesthesia induced by Isoflurane inhalation (Isoflurane 
USPR, Halocarbon, NJ, USA) was applied during the loading. 
Table 5.1 The applied loading regimes, the resulting strain and strain rate 
amplitudes in the peri-implant environment and the animal distribution. 
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Specimen preparation and analysis 
After sacrifice of the animals, the implants and their surrounding tissues were retrieved, 
processed into PMMA sections (refer to 2.2.1.2), stained (2.2.2.2) and analyzed (refer 
to 2.3.2) 
5.3 Results 
Animal and implant outcome 
Implant surgery and in vivo mechanical loading were uneventful for both experimental 
periods. From a total of 138 implant samples, 5 samples were lost during histological 
processing (2 from the 1-week group and 3 from the 4-week group) and another 2 
samples (from the 4-week group) were excluded due to peri-implant infection.  
Quantification of peri-implant bone strains  
Compressive loading of the rat limbs resulted in tensile strains on the medio-proximal 
surface of the tibiae. Over the range of load magnitudes applied, we found for each 
limb that the mean strains exhibited a linear relation to the applied loads both before 
and after implant insertion (R
2
>0.99). Repeated measurements on each specimen 
showed high precision (intra-individual differences were as low to 6.45 % ± 2.27 % 
and 9.22 % ± 2.67 % for the intact and implanted tibiae, respectively). When compared 
to the measured strains in intact bone, the strains after implant placement were on 
average 35.3% lower.  
As the experimental data were strongly affected by strain gauge placement, they could 
not be used directly for defining the desired strain rates. Instead they were used to 
validate established micro-finite element models, providing a three-dimensional 
quantification of the strain throughout the whole tibiae (Torcasio et al., 2011; Torcasio 
et al., 2012). We estimated maximum tensile strains at 25 % of the tibia length (hence 
corresponding to the strain gauge position and alignment) of ~260με for the implanted 
tibiae subjected to 10 N loading. These data were adopted to define the in vivo loading 
protocols by taking into account the linearity of the relationship applied loading - 
induced strain (1), a maximum loading force of 20 N (2) and assuming strain rate to be 
given by the product between strain magnitude and loading frequency (3); hence, we 
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estimated peak strains of 13, 26, 260 and 520 με to correspond to the HF-LM, HF-HM, 
LF-LM and LF-HM loading, respectively, and strain rates of 520 and 1040 με/s for the 
low-magnitude and high-magnitude loading regime, respectively (Table 5.1). 
Histology 
The histological images revealed bicortical bone apposition to the implant for both 
loaded and unloaded implants and for both healing periods (Figure 5.2). After 1 week, 
newly formed bone was observed along the implant surface in the medullar cavity, 
while active remodelling occurred at the cortex. After 4 weeks, the newly formed bone 
in the medulla was rearranged into denser and more homogeneous bone close to the 
implant surface. Furthermore, the healing of the peri-implant cortex was complete. No 
obvious differences between loaded and unloaded implants could be noticed on the 
histological sections. 
 
Figure 5.2 Representative histological sections. Active osteogenesis was found 
adjacent to the implant in medulla after one week of healing for both (a) loaded and (b) 
unloaded implants. After four weeks of healing, remodelling of peri-implant bone led to 
denser medullar bone formation around both (c) loaded and (d) unloaded implants. 
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Histomorphometry 
BIC 
In the peri-implant region of the cortex, 4 weeks of loading significantly increased BIC 
in case of HF-LM loading (40Hz-0.5N) and LF-HM loading (2Hz-20N) (79.8% ± 1.9% 
vs. 83.8% ± 1.3% and 78.6% ± 2.2% vs. 87.3% ± 1.1% respectively; unloaded vs. 
loaded; p＜0.05; two-way ANOVA followed by pairwise comparison) (Figure 5.3 a). 
In the medulla, a significant increase of BIC in response to loading was also found 
after 4 weeks of loading, but only in case of HF-LM loading (73.4% ± 4% vs. 79.1% ± 
3.7%; unloaded vs. loaded; p ＜ 0.05; two-way ANOVA followed by pairwise 
comparison) (Figure 5.3 b). No significant effect of the 4 loadings on BIC was found 
for the 1 week experiment. 
Concerning BIC change over time, bone-implant contact at both cortex and medulla 
level significantly increased from 1 to 4 weeks for all loading regimes (p＜0.01; 
ANOVA). 
BF 
In the cortical peri-implant region, 1 week of loading significantly increased BF in ROI 
1 in case of LF-HM (2Hz-20N) (36.2% ± 2.7% vs. 45.8% ± 3%; unloaded vs. loaded; p
＜0.05; two-way ANOVA followed by pairwise comparison) (Figure 5.4). No effect of 
loading on BF, however, was identified either in the other ROIs or after 4 weeks of 
loading. In the medullar peri-implant region, no significantly different BF was detected 
between the unloaded and loaded implants of the 4 loading regimes. 
In all assessed samples, peri-implant BF evolution over time (from 1 to 4 weeks of 
healing) was found to increase at the cortical level but to decrease at the medullar level 
(p＜0.01; ANOVA). 
Similarly, with regard to BF relative to the distance to the implant surface, opposing 
results were found for the cortex and the medulla of all samples. At the cortex, the 
amount of bone was significantly lower in the region closest to the implant surface 
(ROI 1), compared to the other ROIs (p＜0.01; ANOVA followed by Tukey‘s HSD). 
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At the medulla, BF decreased with increasing distance from the implant surface (BF in 
ROI 1＞2＞3) (p＜0.01; ANOVA followed by Tukey‘s HSD). 
 
 
Figure 5.3 Bone-to-implant contact (BIC) at (a) cortex and (b) medulla level for the 
four-week experiment. (Data from the one week experiment are not shown as no 
significant differences were observed; *: p<0.05; two-way ANOVA followed by 
pairwise comparison.) 
 
 
Figure 5.4 Bone fraction (BF) for the region adjacent to the implant surface (ROI 1) at 
(a) cortical and (b) medullar level for the one-week experiment. (Data from the four-
week experiment are not shown as no significant differences were observed; *: p<0.05; 
two-way ANOVA followed by pairwise comparison.) 
5.4 Discussion 
In this study, different loading regimes were applied in order to evaluate the 
stimulatory effect of high- (i.e. 40 Hz) and low- (i.e. 2 Hz) frequency mechanical 
loading on implant osseointegration and peri-implant bone formation. In order to assess 
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additionally the influence of the loading magnitude, two loading forces varying by 2-
fold within each frequency category were assigned.  
According to Frost (Frost, 2004), loads on bones cause bone strains that generate 
signals detected by osteocytes and hence lead to cellular response and eventually to 
bone remodelling. The anabolic effect of loading on bone is evident when the bone 
strain induced by low-frequency loading goes beyond the 1000 με threshold (Frost, 
2004). However, this does not apply to a high-frequency loading protocol, where low-
magnitude events have been shown to be stimulatory to the bone (Ozcivici et al., 
2010a). We intended to test whether the latter also applies to for peri-implant bone 
healing. With respect to the configuration limitations of the loading setup, 40 Hz and 2 
Hz were selected as high- and low-frequency respectively. Specifically, the resonance 
of the loading system was observed during ex vivo tests when the loading frequency 
exceeded 50 Hz. To eliminate the systemic resonance which is harmful to the loading 
device and causes extra stimuli to the implant, the high-frequency regime was limited 
to 40 Hz. For both frequency categories, the magnitudes of loading were determined in 
such a way that identical strain rate amplitudes were obtained. In this way, the role of 
the strain rate amplitude – a determinant parameter of bone response to loading 
(LaMothe et al., 2005) – could be controlled. In a series of studies from our group (De 
Smet et al., 2006; De Smet et al., 2007; 2008), the amplitude of peri-implant strain 
favoring bone formation was found to be 250 to 1000 με at low-frequency (3 Hz) with 
strain rate amplitudes ranging from 267 to 1600με/s. In the present study, a strain of 
260 and 520 με was induced when loading at low-frequency (2 Hz), resulting in strain 
rate amplitudes of 520 and 1040 με/s respectively. Accordingly, for the high-frequency 
loading (40 Hz), the estimated strain magnitudes of 13 and 26 με by loading would 
result in identical strain rate amplitudes. All loading categories could thus be 
considered lying within the range of positively influencing the peri-implant bone 
response.   
Due to the advantages including the comparable bone remodelling rate to human 
(Baron et al., 1984), the accessibility for implant surgery and mechanical loading, the 
rat tibia was applied in the present research to study peri-implant bone healing. 
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Histological observations revealed a normal healing response after implantation, 
irrespective of the loading regime. These observations were corroborated by the 
histomorphometrical data: (1) Bone remodelling in the cortical peri-implant region led 
to an increased BIC and BF over time. Compared to the distant host bone, however, BF 
in the direct implant vicinity remained inferior, even after 4 weeks of healing. (2) In the 
peri-implant medullar area – an initial bone tissue-free region – massive woven bone 
was formed soon after implantation. The formed bone originated from the endosteum 
of the peri-implant cortex and grew along the implant surface. Subsequent remodelling 
of this newly formed bone led to less but denser bone, in close contact with the implant. 
With regard to the changes over time in this medullar region, implant osseointegration 
(as quantified by BIC) was found to increase from 1 to 4 weeks, whereas the bone 
volume in the vicinity of implant decreased for the same time period. This is in line 
with previous findings with the same animal model (Ogawa et al., 2011b). 
The anabolic effects of high-frequency loading have been reported in several animal 
(Goodship et al., 2009; Hwang et al., 2009; Judex et al., 2007; Omar et al., 2008) and 
clinical trials (Gilsanz et al., 2006; Rittweger et al., 2010; Rubin et al., 2004). Hence it 
has been confirmed that bone can sense and respond to extremely small mechanical 
signals if they are applied at high-frequencies. Only a few studies investigated the 
effect of high-frequency loading on bone surrounding implants. Rubin & McLeod 
(Rubin and McLeod, 1994) investigated the effect of mechanical loading on bone 
growth into implants. Strains of 150 με were generated in the cortex immediately 
adjacent to the implant by means of host bone bending in the turkey ulna disuse model. 
The results showed that a 20-Hz loading regime induced the most favorable bone 
response, while the 1 Hz loading only prevented the bone resorption caused by disuse. 
Other studies on implants were performed using a rat tibia model in which high-
frequency loading (12-100Hz, or 50Hz) was applied via whole body vibration. This 
loading was found to increase peri-implant bone formation in normal (Ogawa et al., 
2011b) and in estrogen- deficient animals (Akca et al., 2007). In the current 
experimental setup, BIC, the criterion of osseointegration, was significantly increased 
in the peri-implant region in case of HF-LM loading (40Hz-0.5N). HF-HM loading 
(40Hz-1N), however, only showed a trend towards an increased BIC.  These findings 
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agree with the notion that high-frequency mechanical loading can be osteogenic (Judex 
et al., 2007). However, this stimulatory effect may not require a high loading 
magnitude. 
The effect of bio-physical stimulation at low-frequency loading (< 3Hz) on bone 
adaptation and regeneration has been well documented in rodent models using 
compressive loading (De Souza et al., 2005; Sugiyama et al., 2008; Tanaka et al., 2003; 
Warden and Turner, 2004), and implant healing set-ups (De Smet et al., 2006; De Smet 
et al., 2007; 2008; Leucht et al., 2007). Evidence is provided that, under low-frequency 
loading, bone is sensitive to the applied loading magnitude, with higher magnitude 
being more osteogenic (Cullen et al., 2001; Gross et al., 2002; Mosley et al., 1997). 
The findings of the low-frequency regimes applied in the current study demonstrated 
increased BIC and BF in the cortical bone solely when the load was applied at high 
magnitude (i.e. 20 N). Applying 10 N at 2 Hz did not influence the peri-implant 
healing response.  Owing to the animal and technical restraints of the present study, the 
effect of higher loading forces (> 20 N) on the bone response could not be investigated. 
Despite these limitations, the findings suggest that the anabolic effect of low-frequency 
loading, which increases with increasing magnitude, also applies to peri-implant bone 
healing. 
Although the osteogenic potential of high-frequency loading is evident, the peri-
implant tissue response to the loading via different modes of application varies. 
Specifically, whole body vibration (WBV) seems to be superior to the localized 
loading. WBV has been found to extensively influence peri-implant bone remodelling 
and hence led to significant increases of BIC and BF (Akca et al., 2007; Ogawa et al., 
2011a; Ogawa et al., 2011b). Compared to the control, more than 10% extra BIC was 
found in case of WBV after 4 weeks. This increase in BIC is almost 2-fold times the 
bone stimulating effect found with HF-LM loading. Moreover, the improved 
osseointegration by WBV can already be observed after 1 week of loading (Ogawa et 
al., 2011a).  On the other hand, when the high-frequency loading was directly applied 
onto the implant, the loading failed to induce a pronounced peri-implant bone response 
(Zhang et al., 2012). The possible explanations for the superior stimulatory effect of 
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whole body vibration are (1) whole body vibration may lead to stochastic resonance of 
the applied vibrations, which could serve as an extra bone stimulus (Castillo et al., 
2006; Tanaka et al., 2003); (2) the frequency span tested in whole body vibration is 
higher than the one used in the present study (up to 150 Hz vs. 40 Hz). As more 
efficient mechanotransduction goes along with increasing loading frequency (You et 
al., 2001), more osseous response could be associated with loading at higher frequency; 
(3) being no need of anesthesia during the application of whole body vibration, the 
side-effects and/or complications of daily usage of full anesthesia, which is performed 
on the animals in this compressive loading study, can be precluded; (4) the peri-
implant strain distribution induced by different loading applications varies and 
inherently causes a different tissue response. However, measuring the exact strain the 
bone is exposed to via the whole body vibration set-up is difficult. Meanwhile, the 
strain measured in the present study corresponds to the bone surface level, thereby not 
exactly representing the strain at the bone-to-implant interface. Hence, for a better 
understanding of the biomechanical conditions with different experimental set-ups, 
further in vitro testing and numerical modelling is valuable.  
In conclusion, mechanical loading at both high- and low- frequency can contribute to 
peri-implant bone healing. Higher loading magnitudes (and accompanying elevated 
tissue strains) are required under low-frequency loading to provoke a positive peri-
implant bone response, compared to high-frequency loading. A sustained period of 
loading at high-frequency is needed to result in an overall enhanced osseointegration. 
Acknowledgements: The authors declare no conflicts of interest. This study was 
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Abstract 
Objective: This study aimed to evaluate the effect of direct high-frequency mechanical 
stimulation on the peri-implant tissue healing. 
Materials and methods: A total of 48 custom-made 2-mm diameter titanium implants 
were inserted in the tibial epiphyses of 12 rabbits. Half of the implants were stimulated 
by direct vibration (60±10 Hz) immediately after insertion for 1 and 4 weeks, 
respectively. The other half served as controls. The samples were collected after the 
animals were sacrificed and were histologically processed into paraffin sections and 
stained with haematoxylin and eosin. The bone fraction was measured in an area of 50 
and 400 μm around the implant. To rate significant differences a one-way analysis of 
variance was used with a set at 5%. 
Results: No significant difference in bone fraction was found between test and control 
groups. When the bone fractions of the 50 and 400 μm peri-implant regions were 
compared, a significantly larger bone fraction was found in the 50 μm peri-implant 
region for the 4-week stimulated group. 
Conclusions: Histomorphometric analyses could not reveal a pronounced effect of 
direct immediate high-frequency implant loading. 
Key words: high-frequency; implant; loading; rabbit. 
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6.1 Introduction 
Bone is a metabolically active tissue capable of adapting its mass, shape, and structure 
to mechanical stimuli and repairing structural damage through the process of 
remodelling. The adaptation of bone in response to mechanical loading is considered to 
be a life-long process (Frost, 1992). It is clear that dynamic loading induces bone 
formation other than static loading (Hert et al., 1971; Robling et al., 2001b). Different 
in vivo studies support the notion that bone is sensitive to the applied strain rate (Judex 
and Zernicke, 2000; LaMothe et al., 2005; Mosley and Lanyon, 1998; Turner et al., 
1995). Over the past decade, by use of different animal models, the high-frequency 
low-magnitude stimulation, also referred to as vibration, has been proven to actively 
stimulate osteogenesis and improve the skeleton quality (Torcasio et al., 2008). Most 
of the studies used an oscillating plate to induce whole body vibration as a stimulus. 
For a long time it was assumed that mechanical loading during implant healing 
compromised peri-implant osteogenesis because of fibrous tissue formation, thereby 
impairing the osseointegration (Branemark et al., 1977; Branemark, 1983). 
Micromotion at the implant–bone interface in case of immediate implant loading can 
lead to inhibition of bone formation at the interface because it probably interferes with 
the development of adequate early scaffolding of the fibrin clot. This event might 
disrupt the reestablishment of a new vasculature to the healing tissue, which in turn 
interferes with the arrival of regenerative cells. Eventually, the healing process is 
rerouted into repair by collagenous scar tissue instead of bone regeneration (Brunski, 
1999; Degidi and Piattelli, 2005). Ossification of regenerating tissue is only possible in 
case of a low hydrostatic strain environment and in the absence of shear strain (Carter 
et al., 1998). Whereas, high-peak strains impair bone mineral formation and osteogenic 
cell differentiation, physiologic bone loading (500-3,000 με) as such does not inhibit 
bone formation. Premature implant loading can promote early peri-implant 
osteogenesis in case of limited interfacial micromotion and an optimal biomechanical 
coupling between the implant and the surrounding tissues (Meyer et al., 2004; Piattelli 
et al., 1993; Romanos, 2004; Simmons et al., 1999; Simmons et al., 2001b). Such an 
optimal biomechanical coupling implies the transfer of compressive or tensile rather 
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than shear forces. Indeed, such loads on healing bone might even shorten the healing 
period (Vandamme et al., 2007c; Vandamme et al., 2008). As healing bone has lower 
mechanical properties compared with mature bone, equal loading will result in higher 
strains in immature bone. The load bearing capacity of healing bone is therefore less 
than mature mineralized bone. Both animal experiments (Duyck et al., 2005; Quinlan 
et al., 2005) and clinical studies (Attard and Zarb, 2005; Bischof et al., 2004; Degidi 
and Piattelli, 2005; Esposito et al., 2009a) have shown that immediately loaded oral 
implants acting as support for a prosthesis can osseointegrate provided that the forces 
and implant micro-motion are controlled (Buchter et al., 2005; Duyck et al., 2006; 
Vandamme et al., 2008). 
Nowadays, there is a tendency to load implants immediately or soon after implantation. 
This limits the period of discomfort for the patients compared with the long healing 
times in the conventional loading protocol. As the treatment goes faster, it also offers 
psychosocial and economic benefits. The local mechanical loading situation is believed 
to be a strong determinant in the processes of tissue differentiation and bone 
formation/resorption around implants. Early/immediate loading might offer the 
potential to stimulate osteogenic effects during implant healing under specific 
conditions. 
Considering the abundant evidence of the positive effect of high-frequency loading on 
both bone adaptation and regeneration in general (Judex et al., 2009), the idea of 
accelerating the osseointegration process and optimizing oral implant success through a 
therapeutically mechanical stimulation is tempting but not scientifically founded. This 
study therefore aims to evaluate the effect of high-frequency mechanical stimulation on 
the peri-implant tissue healing in the context of the optimization and acceleration of the 
osseointegration process. 
6.2 Experimental design 
Implants and Animals 
Custom-made 2 mm diameter commercially pure titanium (grade 2, Goodfellow, 
Huntingdon, United Kingdom) implants were used (Figure 6.1). The screw design of 
the upper part allowed a solid connection with the vibration device (Figure 6.2). 
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Prior to surgery, the implants were cleaned ultrasonically, decontaminated by soaking 
in a 4% hydroxylfluoride (HF) buffered with a 20% HNO3 solution for 30 seconds, and 
sterilized. By doing so, the implant surfaces were standardized into an average 
roughness (Sdr, %) of 1, which was determined by a scanning white-light 
interferometer (Wyko NT 3300; Veeco Metrology Inc., Tucson, AZ, USA). Twelve 6-
month old female New Zealand white rabbits (body weight, 3.7 kg 1 0.5 kg) were 
selected for this experiment. 
Surgery and Loading Protocol 
Under general anesthesia (intravenous, Diprivan 1%, 0.4 ml/kg/h.; Astra Zeneca, 
Brussels, Belgium), a total of four implants were inserted in the two tibia epiphyses of 
each rabbit by two implant surgeries at 1 and 4 weeks before the sacrifice. During the 
first surgery, one implant was placed per leg. One of both implants received vibration 
stimulation; whereas, the other implant served as the unloaded control. After 3 weeks, 
a second implant was placed per leg. Again, one implant was loaded whereas the other 
one was not. After another week of healing, the animals were sacrificed with a 0.1 
ml/kg intravenous injection of an embutramide, mebenzoniumiodide, and tetracaine 
hydrochloride solution (T61; Intervet, Mechelen, Belgium). By following this protocol, 
each rabbit contained a loaded and an unloaded implant that healed for 1 week and 
another loaded and unloaded implant that healed for 4 weeks. 
A custom-made vibration device was used to apply the vibration (60±10 Hz). 
Immediately after the implantation, the implants of the test group received vibration for 
10 min/day, 5 days/week. The control implants did not receive any vibration 
stimulation, but underwent the sham manipulations (mounting of the vibration device) 
(Figure 6.2). 
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Figure 6.1 Design of the implant.        Figure 6.2 The vibration device was mounted  
on the implant 
 
Figure 6.3 Illustration of the 50- and 400-μm range of interest in which bone fraction 
measurements were performed. The white space in the center represents the cavity 
where the implant was removed 
Tissue Processing and Histomorphometry 
Immediately after animal sacrifice, the samples were harvested. The tissues were fixed 
in 4% paraformaldehyde for 3 days. The samples were immersed in 0.5 M EDTA (pH 
7.4) and formic acid (HCOOH, pH 3.7) at 4°C until the decalcification was achieved. 
After demineralization, specimens were dehydrated through an ascending ethanol 
series prior to paraffin embedding. After paraffin embedding and freezing (-30°C), the 
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implants were gently removed, after which the samples were re-embedded. The most 
coronal part of the sample was cut into 5 μm thick sections (perpendicular to the 
implant axis) and stained with hematoxylin and eosin. The bone fraction in a region of 
interest (ROI) of 50 and 400 μm around the implant was evaluated by a semiautomatic 
system (Axiovision, Carl Zeiss Microimaging GmbH, Standort Göttingen, Germany) 
connected to a Zeiss light microscope (Figure 6.3). To eliminate the endochondral 
ossification which is mostly involved in long bone growth, the cartilage in the target 
region was excluded from the analysis (i.e. the mineral bone fraction = summation of 
all mineralized tissues in the ROI/(area of the ROI - area of cartilage in the ROI)). 
6.3 Results 
Means (SD) of the bone fraction in the 50 and 400 μm peri-implant areas are displayed 
in Figure 6.4. Neither in the 50 nor in the 400 μm peri-implant areas was a significant 
difference found between test and control groups. After a 4-week loading period, 
however, a significantly higher bone fraction was observed in the 50 μm compared 
with the 400 μm peri-implant region (Figure 6.4). This difference in bone fraction 
depending on the distance from the implant was not observed around the unloaded 
implants. 
 
Figure 6.4 Peri-implant bone fraction in the 50-μm and 400-μm peri-implant areas (*p 
< .05). 
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6.4 Discussion 
In this study, the changes of the bone fraction in the peri-implant area in response to 
high-frequency direct implant loading were investigated. No significant differences in 
bone fraction were found between the loaded and the control group. 
For both loading conditions and both healing periods, there was a tendency for a higher 
bone fraction in the immediate vicinity of the implant (50 μm peri-implant region) 
compared with the broader (400 μm) peri-implant region. The fact that this tendency 
was seen around both unloaded as loaded implants, in combination with the fact that 
the loading conditions did not significantly affect the peri-implant bone fraction, 
suggests that the effect of implant installation on the bone in the immediate vicinity of 
the implants might have overruled a positive effect because of the mechanical 
stimulation. Only after 4 weeks of mechanical stimulation, a significantly higher bone 
fraction was found close to the implant compared with in a broader zone around the 
implant. 
This bone densification near the implant was also described by Balatsouka et al. 
(Balatsouka et al., 2005) who found a significant increase in bone density from 2 to 4 
weeks. The bone density of newly formed mineralized bone in the bone bed sites 
without implants, however, did not demonstrate a difference over time. 
In this study, the bone fraction – as a representation of the bone density – was 
measured as this is the parameter that is commonly used for the evaluation of the effect 
of bone stimuli. Also, the bone-to-implant contact is often used as a parameter to 
quantify the implant osseointegration. This could not be done in this study because the 
implants were removed from the bone samples. The choice for paraffin sectioning 
required this removal of the implants. Previously, the effect of such implant removal on 
the surrounding tissues was investigated by means of scanning electron microscopy 
(Slaets et al., 2006). Implants removed only 1 to 3 days after insertion, showed 
scattered blood cells in a thin layer of (fibrin) matrix, which covered up to 30% of the 
implant surface. On implants removed after 1, 2, 4, or 6 weeks, some small sponge-like 
structures were rarely detected, which were devoid of cells. These structures were 
considered to be fibrous tissue or remnants of cells. The remaining surface of the 
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implants was comparable with the surface of a blank implant. This means that, despite 
the removal of an implant from 4 weeks healed bone, the peri-implant tissues can be 
considered as relatively intact. 
Because of both internal mediators and external mechanical demands, the bone tissue 
dynamically responds to a number of metabolic, physical and endocrine stimuli, 
undergoing continual chemical exchange and structural remodelling. Recent research 
has suggested that bones display an extraordinary adaptive behavior toward high-
frequency low-magnitude mechanical stimulation (Judex et al., 2009). 
An early mechanical stimulation (implants healed for 1 week prior to stimulation) via 
indirect whole body vibration was applied on ovariectomized rats for 2 weeks at 50 Hz 
(Akca et al., 2007). The peri-implant bone response was quantified by micro-computed 
tomography and revealed an increased amount of relative bone volume in a 48 μm peri-
implant area. 
The current study, however, failed to demonstrate such an osteogenic effect of direct 
high-frequency loading. Besides, this effect might have been overruled by the healing 
response, another reason might be that because of the high-frequency loading directly 
applied onto the implant, a considerably interfacial micromotion between implant and 
the surrounding tissues might have been evoked. It has previously been shown and 
hence, this is generally accepted that large micromotions on the implant–bone interface 
lead to soft tissue encapsulation (fibroplasias) and therefore compromise 
osseointegration (Brunski, 1999; Degidi and Piattelli, 2005). 
A third possible reason why the mechanical loading did not enhance bone formation 
might be an inefficient load transfer from the implant toward the surrounding tissues. It 
is known that peri-implant osteogenesis requires a limitation of the interfacial 
micromotion as well as an optimal force transfer (Vandamme et al., 2007c; Vandamme 
et al., 2008). The surface of the used implants (Sdr: 1%) might have been too smooth 
to establish an efficient biomechanical coupling during the initial healing period. 
Because of this lack of biomechanical coupling combined with the interfacial 
micromotion at the start of the mechanical stimulation, the mechanical stimulation 
failed to enhance bone formation (Wiskott and Belser, 1999). 
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In silico modelling might contribute to a better understanding of the biomechanical 
conditions of this experimental set-up. However, the roughness of the implants (Sdr: 
1%) was purposely kept low so as to not interfere with the pure mechanical bone 
response, which was the aim of the study. As well established, surface roughening 
speeds up the healing process in the first weeks after implant installation compared 
with turned implants (Gahlert et al., 2007; Vandamme et al., 2008). 
Further, to enhance osteogenesis around the implant, the strategy of biologic and/or 
geometric surface modification was explored in different animal studies. Coating with 
bioactive molecules on the implant surface (for instance, collagen and chondroitin 
sulphate, bone morphogenetic protein-2, calcium phosphate, bisphosphonate) might 
hold the potential to stimulate bone-to-implant contact (Stadlinger et al., 2009; Wikesjo 
et al., 2008) or does increase removal torque values (Ferguson et al., 2008). 
Nevertheless, in all the pervious mentioned studies, the relative peri-implant bone 
density was not found to be different, which is consistent with our results. It is likely, 
that in case of biologic and/or local mechanical stimulation, the osteogenic effect is 
more predominant in the vicinity of the bone–implant interface rather than at distance. 
This osteogenic effect is not necessarily translated into an increased peri-implant bone 
fraction, as explained above, but rather, in an increased bone-to-implant contact. 
As mentioned previously, several oscillation studies (Judex et al., 2007; Rubin et al., 
2001a; Rubin et al., 2001b; Sehmisch et al., 2009; Xie et al., 2008) indicated that very 
small load magnitudes (inducing 5 microstrains or less) may already have osteogenic 
potential when the stimulation is applied at high frequency (>30 Hz). Despite a similar 
loading regime used in this study, a convincing osteogenic effect could not be observed 
when the stimulation was directly evoked through an implant. A positive outcome 
might have been more likely though when the high-frequency loading was applied on 
the surrounding bone rather than directly onto the implant. This would avoid implant 
micro-motion, but could still stimulate the peri-implant tissues, which in turn might 
have a positive effect on peri-implant bone healing and eventually osseointegration. 
This is subject in ongoing investigation. 
In conclusion, no pronounced effect of immediate high-frequency loading, which was 
applied at 60±10 Hz with the direct vibration setup in this study, could be observed on 
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the peri-implant bone response. The bone healing processes appeared to have a more 
important effect compared with the mechanical loading. 
Acknowledgments: This study was supported by the Research Council of the KU 
Leuven (OT/07/059). The authors would like to thank Mrs. Lieve Ophalvens 
(Department of Pathology, UZ Leuven, Belgium) for her professional guidance on 
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Abstract 
Objective: Mechanical loading is known to play an important role in bone remodelling. 
This study aimed to evaluate the effect of high- and low-frequency axial loading, 
applied directly to the implant, on peri-implant bone healing and implant 
osseointegration. 
Materials and methods: Titanium implants were bilaterally installed in rat tibiae. For 
every animal, one implant was loaded (test) while the other one was not (control). The 
test implants were randomly divided into 8 groups according to 4 loading regimes and 
2 experimental periods (1 and 4 weeks). The loaded implants were subject to an axial 
displacement. Within the high- (HF, 40 Hz) or low-frequency (LF, 8 Hz) loading 
category, the displacements varied 2-fold and were ranked as low- or high-magnitude 
(LM, HM), respectively. The strain rate amplitudes were kept constant between the two 
frequency groups. This resulted in the following 4 loading regimes: 1) HF-LM, 40 Hz-
8 μm; 2) HF-HM, 40 Hz-16 μm; 3) LF-LM, 8 Hz-41 μm; 4) LF-HM, 8 Hz-82 μm. The 
tissue samples were processed for resin embedding and subjected to histological and 
histomorphometrical analyses. Data were analyzed statistically with the significance 
set at p < 0.05. 
Results: After loading for 4 weeks, HF-LM loading (40 Hz-8 μm) induced more bone-
to-implant contact (BIC) at the level of the cortex compared to its unloaded control. No 
significant effect of the four loading regimes on the peri-implant bone fraction (BF) 
was found in the 2 experimental periods. 
Conclusions: The stimulatory effect of immediate implant loading on bone-to-implant 
contact was only observed in case of high-frequency (40 Hz) low-magnitude (8 μm) 
loading. The applied load regimes failed to influence the peri-implant bone mass. 
Key words: implant; animal; osseointegration; loading frequency. 
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7.1 Introduction 
Bone tissue is metabolically active in adapting its mass, shape and structure to 
mechanical stimuli through remodelling. Mechanical loading has been proven to direct 
the differentiation of mesenchymal stem cells towards the osteoblastic lineage and has 
therefore been introduced to facilitate fracture healing and to improve bone quality 
(Kelly and Jacobs, 2010; Ozcivici et al., 2010a; Ozcivici et al., 2010b; Schindeler et al., 
2008). In animal studies, the anabolic effect of mechanical loading on bone tissue has 
been evidenced when applied at both high- and low-frequency (Judex et al., 2007; 
Ozcivici et al., 2010a). 
The effect of mechanical loading on bone regeneration and adaptation also applies to 
bone around biomaterials, and more specifically around titanium implants (Duyck et al., 
2006; Duyck et al., 2007; Isidor, 2006). Findings from in vivo studies have shown that 
force- (De Smet et al., 2005; De Smet et al., 2006; De Smet et al., 2008) or 
displacement- (Duyck et al., 2006; Duyck et al., 2007; Vandamme et al., 2007c; 
Vandamme et al., 2008) controlled mechanical loading at low-frequency (＜10 Hz), 
when applied directly onto an implant, can improve bone formation in the peri-implant 
region and can therefore contribute to implant osseointegration. Recent research also 
revealed that high-frequency loading (＞10 Hz), applied via whole body vibration, can 
lead to increased bone formation in the peri-implant surroundings and ultimately to an 
improved osseointegration (Akca et al., 2007; Ogawa et al., 2011a; Ogawa et al., 
2011b). 
Despite the above notions, further research on the peri-implant tissue response to 
mechanical loading at high- versus low-frequency is warranted due to the variety of 
animal models and of loading modes (i.e. the loading was directly or indirectly applied 
onto the implant) used in the aforementioned studies (De Smet et al., 2005; De Smet et 
al., 2006; De Smet et al., 2008; Duyck et al., 2006; Duyck et al., 2007; Isidor, 2006; 
Judex et al., 2007). Furthermore, the impact of the loading magnitude in high- versus 
low-frequency loading regimes is only partly unraveled. There is evidence that up to a 
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certain limit, the load-induced bone gain is determined by the loading magnitude in a 
low-frequency regime (Cullen et al., 2001; Gross et al., 2002; Mosley et al., 1997; 
Torrance et al., 1994). In case of high-frequency stimulation, however, the loading 
magnitude is reported to be less relevant (Garman et al., 2007b; Judex et al., 2007). To 
explore the therapeutic potential of high-frequency mechanical loading in titanium 
implant healing, it is valuable to fill this knowledge gap and hence to determine 
appropriate loading strategies. 
By use of a rat tibia model and a displacement-controlled loading device, the present 
study aimed to investigate the influence of controlled mechanical loading, directly 
applied to the implant and immediately after implant installation, at high- versus low-
frequency on peri-implant bone (re)modelling and implant osseointegration. It was 
hypothesized that (i) the peri-implant bone responds to high- and low-frequency 
loading; and that (ii) this bone response depends on the applied loading magnitude.  
7.2 Experimental design 
Animals and surgical procedure 
Seventy-five male Wistar rats were used in the present study. Out of these, 8 rats were 
used for defining the desired strain magnitude induced by loading (ex vivo load 
calibration). The remaining 67 rats were used for in vivo loading. Custom-made 
cylindrical implants (ø: 2 mm x L: 10 mm) were obtained from titanium rods (99.6% 
Ti, Goodfellow Cambridge Ltd., Huntingdon, England). The cylindrical endosseous 
part of the implant was screw-shaped; the percutaneous part was non-threaded 
hexagonal (Figure 7.1 A). The implants were cleaned in an ultrasonic bath with 
distilled water and etched with a solution of HF (4%) and HNO3 (20%), resulting in a 
roughness value (Ra) of 0.45 µm. Implants were sterilized before surgery. The implants 
were inserted bi-laterally in the medio-proximal site of the tibia (refer to 2.1.1). 
Ex vivo strain gauge measurement  
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Ex vivo strain gauge measurements were performed to correlate the loading magnitude 
(i.e. implant displacement) with the resulting peri-implant bone strain. For this purpose, 
8 rat hind limbs were excised. After exposure of the medial surface of each tibia, an 
implant was inserted. The limb was placed on a rotating platform and fixated through 
clamping at the proximal (knee) and distal (ankle) joint. The position of the platform 
was determined in such a way that the implant and the loading pin were aligned (Figure 
7.1 B). A single element strain gauge (type FLG-02-11, TML, Tokyo Sokki Kenkyujo 
Co., Ltd., Japan) was glued on the exposed bone surface of the tibia, 1 mm above the 
implant. The lead wires (type 3WP008, Feteris Components BV, UK) were connected 
at one end to the strain gauge through bondable terminals (TF-2SS, Feteris 
Components BV, UK) and at the other end to the acquisition system.  
Loading was performed by using a custom-made displacement-controlled device 
(Duyck et al., 2004). This loading device consisted of a piezo translator (preloaded 
closed-loop LVPZT translator, P-841.60, ALT, Best, Netherland), which can induce a 
displacement of up to 120 µm, and a load cell (XFTC 100-M5M-1000N, FGP Sensors, 
Les Clayes Sous Bois Cedex, France) with a capacity of 1000 N in tension and 100 N 
in compression. Strain on the surface of peri-implant cortical bone was recorded during 
displacement of the implants over 30, 50, 70 and 90 µm at a frequency of 1 Hz.  The 
strain reading system included the acquisition of the signal (SCXI 1314, NI, National 
Instruments, Austin, Texas, USA), amplification, conditioning (SCXI 1520, National 
Instruments) and transmission to the PC (SCXI 1600 DAQ module, National 
Instruments). Labview software (Labview 8.6, National Instruments) provided the 
necessary interface and read-out. The measurements were repeated 5 times with 
complete removal of the specimen from the device and repositioning. A linear 
regression analysis was performed to determine the relationship between the applied 
displacement (µm) and the resulting strain (με).  
Chapter 7 | 110 
 
 
Figure 7.1 (A) Commercially pure (c.p.) titanium custom-made screw-shaped implant 
(ISO M2 screw-thread protocol). (B) In vivo axial loading applied directly onto the 
implant. (C) Ex vivo strain gauge measurements data on the correlation between the 
loading magnitudes (i.e. implant displacement, μm) and the resulting peri-implant 
strain (με). 
In vivo mechanical loading 
Rats were randomly allocated to 8 groups, corresponding to 4 loading regimes (Table 
7.1) and 2 experimental periods (1 and 4 weeks). For each animal, one implant was 
loaded while the implant in the contralateral limb was unloaded. The loading regimes 
consisted of high- (40 Hz; HF) and low- (8 Hz; LF) frequency protocols. Within each 
frequency category, the loading magnitude was defined as such that the maximum 
induced strain in the high-magnitude loading regime was 2-fold the strain occurring in 
the low-magnitude protocols. The defined loading frequencies and magnitudes resulted 
in identical maximum strain rate amplitudes for HF-LM and LF-LM, and for HF-HM 
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and LF-HM. Loading was initiated one day post implant installation, and was applied 
axially (Figure 7.1 B). The load application took 10 minutes per session and was 
performed 5 times a week for 1 or 4 weeks, respectively. Anesthesia induced by 
isoflurane inhalation (Isoflurane USPR, Halocarbon, NJ, USA) was applied during the 
loading. 
Specimen preparation and analysis 
After sacrifice of the animals, the implants and their surrounding tissues were retrieved, 
processed into PMMA sections (refer to 2.2.1.2), stained (2.2.2.2) and analyzed (refer 
to 2.3.2) 
7.3 Results 
Animal and implant 
Implant surgery and in vivo mechanical loading were performed uneventfully for all 
except 3 implants. A total of 131 samples we obtained, of which 5 were excluded 
because of peri-implant infection and 3 were lost during histological processing. The 
remaining 123 samples were successfully processed for histology and 
histomorphometry. 
Ex vivo strain gauge measurement  
The measurements on two limbs were not successful due to technical errors; these were 
not considered for analysis. For the measurements performed on the remaining 6 limbs, 
the regression between the applied loading displacement (μm) and the resulting strain 
(με) was determined (Figure 7.1 C). Based on the established correlation, strains of 13 
με and 26 με for the HF-LM and HF-HM loading regimes, respectively, were estimated. 
For the LF-LM and LF-HM loading protocols, strains of 65 με and 130 με respectively 
were induced for the selected loading magnitudes (Table 7.1). 
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Table 7.1 The applied loading regimes, the resulting mean strains and estimated strain 
rate amplitudes in the peri-implant environment, and the number of animals in each 
group. 
 
Histology 
The histological images revealed bicortical bone apposition to the implant for all the 
loaded and unloaded implants and for both healing periods (Figure 7.2). After 1 week, 
woven bone was formed along the implant surface in the medullar cavity, while 
remodelling occurred at the peri-implant cortex. After 4 weeks, the newly formed bone 
in the medulla was remodelled into lamellar bone close to the implant surface. Further, 
the healing of the peri-implant cortex was complete. No obvious differences between 
loaded and unloaded implant of the four loading regimes could be noticed on the 
histological sections. 
 
Figure 7.2 Representative histological sections. Above: for the 1-week experiment, 
peri-implant bone formation was observed in the medulla around both unloaded (A) 
and loaded (B) implants. Below: for the 4-week experiment, bone remodelling resulted 
in a dense bone layer appositioned onto the implant surface in the medullar region for 
both unloaded (C) and loaded (D) implants. 
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Histomorphometry 
Bone-to-implant contact 
Out of the 4 assessed loading regimes, only cortical BIC was significantly increased in 
case of HF-LM (40Hz-8µm) loading for 4 weeks, compared to the unloaded control 
(83.49 ± 2.23% vs. 72.44 ± 5.47%; loaded vs. unloaded; p＜0.05, ANOVA) (Figure 7.3 
A). No further pronounced loading effect on BIC was detected in the medullar region 
for the 4 loading regimes (Figure 7.3 B). 
Concerning the BIC changes over time, the BIC at the cortical level remained stable, 
whereas a significant increase from 1 to 4 weeks was observed at the medullar level (p
＜0.01; ANOVA). This BIC change was observed in all 4 loading regimes. 
 
 
Figure 7.3 Bone-to-implant contact (BIC) at the cortex (A) and the medulla (B) for the 
4-week experiment. Data of the 1-week experiment are not shown as no significant 
differences were detected (*: p < 0.05; ANOVA). 
 
Bone fraction 
The comparison between the unloaded and loaded implant revealed that the peri-
implant BF of loaded implants did not significantly differ from the BF of the unloaded 
implants at both cortical and medullar level and for each loading regime. 
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As neither loading effect nor interactions between loading and time/ROI were detected 
for the 4 loading regimes, the BF data of the 4 loading regimes were pooled to assess 
the overall effect of time (i.e. the BF evolution over time) and ROI (i.e. the BF 
distribution in peri-implant region). 
A significant increase of BF over time was observed at the cortical level (p＜0.01; 
ANOVA). Inversely, a significant BF decrease from 1 to 4 weeks was detected at the 
medullar site (p＜0.01; ANOVA) (Figure 7.4).  
 
Figure 7.4 Cortical and medullar bone fraction (BF) evolution from 1 to 4 weeks (*: p 
< 0.05; ANOVA). 
With regard to the BF distribution in the peri-implant region, again opposing results 
were found at cortex and medulla. At the cortex, BF significantly increased at further 
distance from the implant surface (BF in ROI 1＜ROI 2＜ROI 3, p＜0.01; ANOVA 
followed by Tukey HSD). At the medulla, on the other hand, BF significantly 
decreased with increasing distance from the implant surface (BF in ROI 1 ＞ROI 2＞
ROI 3) (p＜0.01; ANOVA followed by Tukey HSD) (Figure 7.5). 
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Figure 7.5 Cortical and medullar bone fraction (BF) distribution in 3 regions of 
interest (ROI) (*: p < 0.05; ANOVA followed by Tukey HSD). 
7.4 Discussion 
In the present study, implant osseointegration was assessed under immediate loading at 
either high- or low-frequency. It was hypothesized that (i) the peri-implant bone 
responds to high- and low-frequency loading; and that (ii) the response of the peri-
implant bone depends on the applied loading magnitude. The main finding of the 
present study is that bone-to-implant contact is enhanced after 4 weeks of high-
frequency low-magnitude loading. This effect, however, was not observed for the 
respective loading regime after 1 week of loading, or in case of high-frequency high-
magnitude loading, or in case of low-frequency loading. Hence, the first study 
hypothesis is partly confirmed:  a response of the peri-implant bone to direct immediate 
loading was only found in case of HF loading. At the same time, the suggested role of 
the loading magnitude (2
nd
 hypothesis) on the peri-implant bone response was 
confirmed. 
According to Frost (Frost, 2004), bone (re)modelling is triggered when the tissue 
deformation (strain) induced by a low-frequency loading exceeds a certain threshold 
(i.e. 1000 με). On the other hand, when applied at high-frequency, bone can sense and 
respond to mechanical signals at low magnitudes (i.e. from 5 to 10 με) (Gilsanz et al., 
2006; Ozcivici et al., 2010a). Besides the magnitude of the strain, the strain rate 
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amplitude (defined by both loading magnitude and frequency) is considered to be a 
determining factor for bone response to mechanical loading (Goodship et al., 1998; 
LaMothe et al., 2005). In order to define the role of the individual loading parameters 
(frequency, magnitude — corresponding to the displacement of the loading device, and 
strain rate amplitude) in immediate implant loading, 4 distinct but comparable loading 
regimes were defined in this study. The loading parameters were in part chosen based 
on reports of an anabolic effect of loading on bone (De Smet et al., 2005; De Smet et 
al., 2006; De Smet et al., 2007). The ex vivo calibration data provided information on 
which implant displacement was required to achieve a certain peri-implant bone strain. 
Considering the configuration of the loading device, 40 Hz and 8 Hz were selected as 
high- and low-frequency respectively. For both frequency categories, the loading 
magnitude was determined in such a way that identical strain rate amplitudes between 
the two frequency regimes were obtained. In studies from our group (De Smet et al., 
2006; De Smet et al., 2007; 2008), the peri-implant strain rate amplitude favoring bone 
formation was found to be 267 με/s to 1600 με/s at low-frequency (3 Hz). In the 
present study, strain rate amplitudes of 520 με/s and 1040 με/s were achieved by 
loading magnitudes of 41 μm and 82 μm (leading to strains of 65 με and 130 με) for a 
low-frequency regime (8 Hz). Accordingly, for high-frequency loading (40 Hz), the 
estimated strains of 13 με and 26 με induced by loading magnitudes of 8 μm and 16 μm 
respectively resulted in identical strain rate amplitudes compared with the low-
frequency regime. In this way, comparable strain rate amplitudes, anticipated to be 
anabolic to the peri-implant bone response, were achieved. 
Histological observations revealed a normal healing response after implantation, 
irrespective of the loading regime. These observations were in line with the 
histomorphometrical data. At the cortex, bone remodelling led to a bone gain in the 
peri-implant cortex over time (BF increased from 1 to 4 weeks); while the remodelling 
did not necessarily influence the direct bone contact with the implant (BIC remained 
stable over time). Compared to the distant host bone, on the other hand, the bone 
fraction in the direct implant vicinity remained lower, even after 4 weeks of healing. 
Histologically, the more prominent presence of blood vessels, playing an active role in 
bone remodelling, in the implant‘s vicinity, may explain this lower peri-implant bone 
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fraction. In the peri-implant medullar area – an initially bone-free region – massive 
woven bone was formed soon after implantation. The formed bone originated from the 
endosteum of the peri-implant cortex and grew along the implant surface. Subsequent 
remodelling of this newly formed bone led to less but denser bone, in closer contact 
with the implant. With regard to the tissue evolution over time in this region, implant 
osseointegration (quantified as BIC) was found to increase from 1 to 4 weeks, whereas 
the bone mass (BF) around the implant decreased in the meantime. This is in line with 
previous findings with the same animal model (Ogawa et al., 2011a; Ogawa et al., 
2011b). 
The anabolic effects of high-frequency loading have been reported in a number of 
animal studies (Goodship et al., 2009; Judex et al., 2007; Omar et al., 2008) and 
clinical trials (Gilsanz et al., 2006; Rittweger et al., 2010; Rubin et al., 2004). Only 
few studies, however, investigated the effect of high-frequency loading on bone 
surrounding implants. De Smet et al. (De Smet et al., 2007; De Smet et al., 2011) 
applied the high-frequency (30 Hz) loading onto implants 7 days after implantation. 
They revealed a bone stimulating loading effect in the medullar region. However, no 
loading effect on implant osseointegration was found. The discrepancy from the 
findings of the present study (i.e. increased cortical osseointegration by HF-LM 
loading) may owe to the different time of loading. As De Smet et al. (De Smet et al., 
2007; De Smet et al., 2011) adopted an implant-healing time of 7 days prior to the 
loading, the impact of loading on the differentiating cells and tissues in peri-implant 
region can be diminished, compared to the loading initiated one day after implantation.  
In another study, applying a high-frequency loading of 40 Hz directly on the implant, 
failed to improve the osseointegration (Zhang et al., 2012). In the mentioned study, 
however, a moment was applied instead of an axial force. Taking into account the 
detrimental effect of excessive micromotion and shear strains on osseointegration 
(Duyck et al., 2006), it is logical that, in case of screw-shaped implants, load transfer 
from the implant to the surrounding tissues is more favorable in case of axial compared 
to rotational loading. 
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In the current experiment, HF-LM immediate loading was found to enhance bone-to-
implant contact at the peri-implant cortex after loading for 4 weeks. Meanwhile, the 
high-magnitude loading at the same high-frequency failed to do so. In this respect, low-
magnitude loading was better to promote cortical osseointegration. Furthermore, the 
gain in peri-implant cortical bone mass over time can be attributed to the inherent 
healing of the host tissue; neither low- nor high-magnitude loading was found to 
contribute significantly. Similar insignificant findings were observed in the peri-
implant medulla. Potential loading effects are likely to be overruled by this active 
tissue repair and remodelling. 
Similar to high-frequency loading, the effect of low-frequency loading on bone 
adaptation and regeneration has also been acknowledged (Judex et al., 2007; Ozcivici 
et al., 2010a). Well-controlled mechanical loading at low-frequency, when applied 
directly to the implant, either in an early or immediate loading protocol, can improve 
bone formation in the peri-implant region and implant osseointegration (De Smet et al., 
2005; Duyck et al., 2006; Duyck et al., 2007; Vandamme et al., 2007c; Vandamme et 
al., 2008). Relatively small loading displacements were selected for the low-frequency 
loading regime in the current study. The resultant deformations by the loading were far 
below the (re)modelling threshold of 1000 με recommended by Frost (Frost, 2004). 
Although the applied strain rate amplitudes were identical to the ones in high-
frequency loadings and considered osteogenic (De Smet et al., 2007; 2008), no 
significant effect of low-frequency loading on implant healing was found in the present 
experiment. The implication might be that (1) to induce a positive bone response to 
mechanical loading, at least one of the constituting elements of loading (i.e. magnitude 
or frequency) needs to go beyond a certain threshold; (2) after fulfillment of the above 
condition, the impact of loading element combination (i.e. strain rate amplitude) on 
bone response can be considered. 
The exact mechanism of how mechanical loading affects bone is yet unclear. 
Compared to the high-frequency loading, the host tissue perceiving the low-frequency 
loading is more dependent on the loading magnitude. When keeping loading frequency 
and the number of loading events constant, variations in strain magnitude can explain 
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differences in the osteogenic response to the low-frequency loading. I.e. the larger the 
deformations generated in the bone, the greater the increases in bone mass (Cullen et 
al., 2001; Gross et al., 2002; Mosley et al., 1997; Torrance et al., 1994). This can be 
interpreted with relatively simple models such as the mechanostat (Frost, 2004) and the 
fluid flow theory (Klein-Nulend et al., 2005). According to the fluid flow theory, the 
load-induced fluid shear stress acts as the signal activating bone remodelling. The 
signal acts on osteocytes and cell processes in the lacunar-canalicular system. 
Therefore, the anabolic effect of low-frequency loading on bone is dependent on the 
loading magnitude which in turn affects the load-induced strain. 
Under the high-frequency regime, the loading can also be sensed by the bone (Garman 
et al., 2007b; Judex and Rubin, 2010). Local strains on the tibia surface have been 
recorded to be less than 10με in case of whole body vibration (Judex et al., 2007; Xie 
et al., 2006). Apparently, the induced strain is extremely small, far less than the 
(re)modelling threshold of 1000 με for the low-frequency loading (Frost, 2004). 
Therefore, the notion has been called up that the anabolic response of the host tissue to 
the high-frequency loading was mainly dependent on the loading frequency, rather than 
the loading magnitude (Christiansen and Silva, 2006; Judex et al., 2007; Judex and 
Rubin, 2010). Explanations of this dependence were suggested by the theoretical 
models of You et al. (You et al., 2001) and Han et al. (Han et al., 2004).  Their models 
were based on the facts that (1) osteocyte processes were attached along their length by 
tethering filaments, and (2) the actin filament bundle in dendritic processes led to a 
highly polarized cell whose processes were several hundred times stiffer than the 
osteocyte cell body (Han et al., 2004). Hence, the flow-induced drag on these filaments 
would produce a tension that could greatly amplify the very small whole tissue strains 
at the cellular level. By predicting the strain amplification ratio from the tissue to the 
cell level, they found that this amplification ratio not only increased with loading 
frequency, but also decreased with loading magnitude (You et al., 2001). Therefore, 
under high-frequency loading, low bone strains were amplified most, suggesting a 
more efficient mechanotransduction due to the cellular perception of the high-
frequency signals. This ―less is more‖ phenomenon is also supported by the findings of 
the high-frequency loadings in the present study. 
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In conclusion, the stimulatory effect of immediate implant loading on bone-to-implant 
contact was only observed in case of high-frequency (40 Hz) low-magnitude (8 μm) 
loading. The applied load regimes failed to influence the peri-implant bone mass. 
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Chapter 8 
General discussion and perspectives 
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The general objective of this thesis was to investigate the effect of high-frequency 
loading on osseointegration and bone remodelling of titanium implants.  
Bone remodelling enables bone to renew and reshape itself in response to mechanical 
stimuli. Mechanical loading has been introduced to facilitate fracture healing of long 
bones and to improve bone quality owing to its potential to direct the differentiation of 
mesenchymal stem cells towards the osteoblastic lineage and to trigger bone 
remodelling (Ozcivici et al., 2010a; Ozcivici et al., 2010b). The impact of mechanical 
loading on bone regeneration and adaptation also applies around biomaterials, more 
specifically around titanium implants (Duyck et al., 2006; Duyck et al., 2007; Isidor, 
2006).  
In previous research, low-frequency loading protocols were often used to assess their 
anabolic effect and to identify ideal loading strategies (e.g. magnitude, duration, strain 
rate amplitude). Recently, in vivo studies indicated high-frequency loading as a potent 
osteogenic stimulus in case of osteoporotic bone (Garman et al., 2007a; Judex et al., 
2007; Oxlund et al., 2003), fracture healing (Goodship et al., 2009; Leung et al., 2009), 
and bone defects (Leung et al., 2009; Omar et al., 2008; Wolf et al., 2001). Moreover, 
clinical trials have shown its potential to attenuate the bone loss due to bed-resting and 
to increase bone volume for low-BMD patients of both young females (Gilsanz et al., 
2006) and postmenopausal senior women (Rubin et al., 2004; Verschueren et al., 2004). 
Therefore, the application of high-frequency loading was worth exploring in implant 
dentistry.  
In this PhD project, the effect of mechanical loading on osseointegration and peri-
implant remodelling was investigated to test the following hypotheses: (1) healing and 
healed peri-implant bone tissues respond differently to mechanical loading (i.e. 
immediate versus conventional loading), (2) high-frequency mechanical loading can 
stimulate osseointegration and peri-implant bone remodelling, (3), the effect of high-
frequency loading on peri-implant bone depends on time-related parameters, (4) the 
effect of mechanical high-frequency loading on peri-implant bone depends on the 
applied loading parameters, in particular load magnitude and frequency, (5) the effect 
of high-frequency mechanical loading on peri-implant bone depends on the mode of 
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load application (whole body vibration vs. direct implant loading vs. indirect implant 
loading). .  
Immediate versus conventional loading 
To evaluate the peri-implant tissue response to immediate versus conventional implant 
loading, an established loading protocol (De Smet et al., 2005; De Smet et al., 2006; 
Slaets et al., 2009) was used in Chapter 3. This loading protocol adopted a 
physiological frequency (i.e. 3 Hz) to simulate the human mastication pace (Morimoto 
et al., 1984) and induced peri-implant bone strains of about 1000 με. The results of the 
study in Chapter 3 proved that the bone-to-implant contact was indeed increased in 
case of immediate compared to no loading after a 4-week healing period. The 
improvement of osseointegration by immediate loading is in line with previous 
findings (De Smet et al., 2005; Duyck et al., 2006; Duyck et al., 2007; Vandamme et 
al., 2007c; Vandamme et al., 2008). On the other hand, the conventional loading failed 
to influence the bone-to-implant contact. A report by Kim et al. (Kim et al., 2008), 
however, did indicate a higher degree of implant osseointegration in case of 
conventional loading compared to immediate loading. This increased bone-to-implant 
contact in case of conventional implant loading could be explained by the prolonged 
healing time (i.e. the extra load-free interval of 3 months for the conventional loading 
regime). In our study, the implants that were immediately loaded for 4 weeks obtained 
a similar degree of osseointegration (BIC: 77.67% ± 2.17%) to implants that received 
conventional loading for the same period (75.91% ± 6.71%) or that were left to heal for 
8 weeks (76.1% ± 5.67%). These results suggested the potential of immediate loading 
to accelerate osseointegration.  
In vitro and in vivo studies support the notion that the mechanical environment affects 
gene expression of the cells adjacent to implants (Kokkinos et al., 2009; Vandamme et 
al., 2011). Molecular analyses of our study revealed an increased osteoblastic gene 
expression (i.e. Runx2) in peri-implant tissue after loading for 7 days for both loading 
regimes. Moreover, conventional loading for 7 days induced a significant rise of anti-
osteoclastic gene (OPG). Therefore, both loading regimes showed their influence 
favoring osteogenesis at the molecular scale. However, the peri-implant tissue in 
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response to the two loadings failed to present a pronounced difference from their 
unloaded controls. 
Based on the above, the first hypothesis of this PhD thesis can be accepted. 
Healing and healed peri-implant tissues indeed respond differently to mechanical 
loading (i.e. immediate versus conventional loading). 
Effect of high frequency loading 
Being recognized as a potent signal for adaptive and reparative bone remodelling, 
mechanical loading at either low or high frequency can be a therapeutic reagent in 
favor of bone regeneration and adaptation in case of both normal and jeopardized bone 
conditions (e.g. osteoporosis) (Ozcivici et al., 2010a). As increasing evidence indicates 
an anabolic effect of high-frequency loading via whole body vibration on bone 
regeneration and remodelling (Hwang et al., 2009; Leung et al., 2009; Omar et al., 
2008; Shi et al., 2010), it leads to a tempting direction to explore the application of 
WBV in the implant dentistry (Chapter 4).   
The stimulatory effect of high-frequency loading, via WBV, on peri-implant bone 
remodelling was confirmed in Chapter 4 Study 4.1 using a step-wise frequency from 
12 to 150 Hz. Compared to the unloaded control, the BIC increased up to 20% when 
loading for 25 days. A similar improvement of peri-implant bone and osseointegration 
was found when loading with less loading time, but with insertion of a load-free 
interval (Chapter 4 Study 4.2). When WBV was applied at high frequency with high 
acceleration (130-150 Hz at 0.3 g), significantly more bone-to-implant contact and 
peri-implant bone fraction was observed compared to the unloaded control and to the 
other loading modes with low/medium frequency (i.e. 12-30 Hz at 0.3g, 70-90 Hz at 
0.075g) (Chapter 4 Study 4.3). The second hypothesis, stating that high-frequency 
mechanical loading can stimulate osseointegration and peri-implant bone 
remodelling, is hereby confirmed. To assess the influence of WBV duration on the 
peri-implant tissue response, four loading protocols, which varied in loading duration 
and rest time in-between loading sessions, were carried out in the second study of 
Chapter 4 (Chapter 4 Study 4.2). Extending loading duration alone did not 
significantly affect the positive effect of WBV. Inserting a load-free rest period in 
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between loading sessions, however, reinforced the positive effect of WBV. As reported 
before, the recovery of cell mechanosensitivity from its accommodation to the loading 
may be the explanation for the anabolic outcome of insertion of a rest period during 
loading (Robling et al., 2001a; Turner, 1999). So, with the loading application via 
whole body vibration, the effect of high-frequency loading on peri-implant bone 
depends on time-related parameters. This can serve as an acceptance of the third 
hypothesis of this PhD thesis. 
The third study of Chapter 4 (Chapter 4 Study 4.3) was an attempt to further 
investigate the optimal combination of frequency and acceleration parameters of WBV. 
The loading frequency and acceleration was classified into three ranges (i.e. low, 
medium and high range) and was respectively applied with the combination of (1) low 
frequency with high acceleration, (2) medium frequency with medium acceleration, (3) 
medium frequency with high acceleration, (4) high frequency with low acceleration 
and (5) high frequency with high acceleration. It was observed that the loading mode of 
the high acceleration (0.3g) with high (130-150 Hz) frequency resulted in significantly 
more bone-to-implant contact and peri-implant bone fraction compared to the unloaded 
control, to the loading mode at low frequency (12-30 Hz at 0.3g) and to the medium 
frequency with medium acceleration (70-90 Hz at 0.075g) protocol. According to 
Judex et al. (Judex et al., 2007), the effect of high-frequency loading depends on the 
applied frequency rather than the loading magnitude. Our findings in Chapter 4 Study 
4.3 were in line with this notion. When the loading magnitude was maintained, BIC 
was higher in case of high frequency loading (120-150Hz vs. 12-30 Hz) after 4 weeks. 
Rubin & McLeod (Rubin and McLeod, 1994) investigated the effect of mechanical 
loading on peri-implant bone formation. Strains of 150 με were generated in the cortex 
of turkey ulnae immediately adjacent to the implant by means of bending of the ulnae. 
Their results showed that the 20-Hz loading regime induced the most favorable bone 
response, while the 1-Hz loading only prevented the bone disuse atrophy. In Chapter 5, 
a study in which a similar loading protocol was used, namely high-frequency (40 Hz) 
loading at a low strain magnitude (～13με). This indirect loading protocol improved 
the degree of implant osseointegration significantly at both the cortical and medullar 
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level after 4 weeks (Chapter 5). Meanwhile, the 40-Hz loading with increased strain 
magnitude (up to ～26με) failed to induce a significant peri-implant bone improvement, 
compared to the unloaded control. 
The pilot study on direct implant loading (Chapter 6) did not reveal a significant effect 
of the loading on the peri-implant bone fraction. The possible reasons for the lack of 
loading effect on peri-implant bone are discussed in Chapter 6. There is still one point 
which is worth mentioning in the general discussion. The calibration of the peri-
implant bone strain in response to the direct loading is crucial. The lack of the 
calibration made it difficult to interpret the experimental findings. In case of more 
controlled direct implant loading (Chapter 7), however, a stimulating effect of high-
frequency (40 Hz) loading on bone-to-implant contact was found when the loading 
magnitude remained low (～13με). When the 40-Hz loading magnitude increased up 
to ～26 με, no difference of bone-to-implant contact can be found between the loading 
and the unloaded control. 
Overall, the second and fourth hypothesis of this PhD thesis can be accepted. 
High-frequency mechanical loading can stimulate osseointegration and peri-
implant bone remodelling with the application mode of WBV, indirect 
compression and direct implant loading. The effect of mechanical loading on peri-
implant bone depends on the applied loading parameters, in particular load 
magnitude and frequency. 
Direct loading versus indirect loading versus whole body vibration 
In order to elaborate the effect of loading application mode (i.e. direct loading vs. 
indirect loading vs. whole body vibration), a horizontal comparison and evaluation 
from Chapter 4 to Chapter 7 was needed. Unfortunately, the main drawback which 
restrains us from making a systematic evaluation of the load application mode is the 
fact that the stress and strain at the bone implant interface as a result of the respective 
loading modes cannot be quantified and therefore compared. Although the 
improvement of peri-implant bone was found in the three modes of loading application, 
the whole body vibration seems to be a more practical way to apply high frequency 
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loading onto when compared to direct implant loading and indirect implant loading via 
compression. The reasons rely on the following concerns. 
(1) Compared to the ―constrained‖ direct and indirect implant loading, the 
―unconstrained‖ whole body vibration may in addition lead to muscle contraction and 
posture/stance adaptation in response to the loading. These were believed to result in 
an increased bone cell perception of the high-frequency loading signals (Gilsanz et al., 
2006; Muir et al., 2011).  
(2) Whole body vibration may lead to stochastic resonance of the applied vibrations, 
which could serve as an extra bone stimulus (Tanaka et al., 2003).  
(3) Being no need of anesthesia during the application of whole body vibration, the 
side-effects and/or complications of daily usage of full anesthesia, which has to be 
performed on the animals in the direct and indirect (via compression) implant loading 
studies, could be precluded.  
(4) The peri-implant strain distribution induced by different loading applications might 
vary and successively cause different tissue response. However, to measure the local 
strain on the bone accurately with the whole-body-vibration set-up is difficult. Even, 
the strain measured in the well-controlled loading studies (Chapter 5 and 7) is on the 
level of the bone surface, thus not representing the strain at the bone-to-implant 
interface. Hence, for a better understanding of the biomechanical conditions with 
different experimental set-ups, further in vitro testing and numerical modelling is 
required.  
(5) From literature, the osteogenic effect of whole body vibration has also been 
intensively reported in the in vivo model of osteoporotic bone (Garman et al., 2007a; 
Judex et al., 2007; Oxlund et al., 2003), fracture healing (Goodship et al., 2009; Leung 
et al., 2009) and bony defect (Leung et al., 2009; Omar et al., 2008; Wolf et al., 2001). 
In summary, the acceptance of the fifth hypothesis cannot be fully supported. 
Within the loading protocols and application modes tested in the thesis, we tend to 
believe that high frequency loading through WBV holds most potential. 
Future perspectives 
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Based on the current literature, high-frequency loading can stimulate both normal and 
compromised bone. The findings of the present PhD research confirm this effect on 
peri-implant bone as well, as high-frequency loading contributes to peri-implant bone 
remodelling and favors osseointegration. Concerning the application strategy, it could 
be recommended to apply the high-frequency loading indirectly onto the implant via 
whole body vibration immediately after implantation. Moreover, an insertion of a load-
free interval between loading sessions can reinforce the anabolic effect of the loading. 
The main findings of this thesis are at the tissue level. Meanwhile, being short of the 
mechanical information at the bone-to-implant interface, it‘s difficult to explicitly 
resemble the relation between the peri-implant tissue response and the applied loading. 
Some interesting and valuable prospects for future researches are proposed:  
-  The investigation of the moleculars/signaling pathways responsible for the tissue 
response to high-frequency loading. In Chapter 3, an increased Runx2 (the key 
transcript factor for osteoblast) was up-regulated by low frequency loading. It 
will be meaningful to study the osteoblast-related gene/protein expression in 
peri-implant tissues when the high-frequency loading was applied. 
- The effect of high frequency loading on bone cell behavior and residing onto 
implant surface seems to be another interesting prospect of research. The in vitro 
osteocyte/osteoblast/MSCs culture with Ti disc is a widely-used model. With the 
high frequency loading applied into the culture system, the bone cell 
performance can be clearly observed and quantified in a well-controlled 
environment. 
- If we consider the high frequency loading as a supplement tool for a better and 
faster peri-implant bone healing, it will be more valuable to assess the effect of 
high frequency loading in a more clinically challenging scenario, such as 
implantation in grafted bone.  
- To have a precise mechanical feature at the bone-to-implant interface is an 
important challenge. The stiffness of the interface evolve over healing time and 
may be influenced by the additional loading   The presence of implant can cause 
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severe metal artifacts, which jeopardized the quality of micro-CT images and 
may lead to a failed microCT based finite element model. How to resolve these 
problems may require creative experts and in silico modeling. 
This PhD thesis may contribute to reveal the effect of high-frequency on peri-implant 
bone remodelling. With the findings reported in the thesis and the progresses gained in 
the prospective researches, we expect to improve the understanding on which 
genes/proteins in peri-implant tissues are responding to the high-frequency loading, 
how to (i.e. application mode) and what to (i.e. loading duration, frequency and 
magnitude) apply the high-frequency loading can achieved the optimal peri-implant 
bone healing, both for normal and compromised bone. 
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Oral implants are titanium screw-shaped devices that are inserted in jaw bone to 
support a dental prosthesis. Osseointegration is required for their clinical success and 
implies direct bone apposition onto the implant.  
Despite high success rates of more than 90% after  15-years of follow-up, implants 
failures can occur in case of unfavorable conditions (e.g. compromised host bone, 
compromised blood circulation, low bone quantity, etc.).  
Instead of delaying the loading, there is currently a trend to functionally load implants 
immediately or early after implantation in order to limit the period of discomfort for 
the patients. Those faster loading protocols also lead to satisfactory success rates, but 
cannot yet predictably be applied in all clinical situations (e.g. low primary implant 
stability, low bone quality, etc.).  
Hence, it would be valuable to find a way to improve the reliability and speed, of 
implant osseointegration in order to optimize treatment outcomes also in compromised 
bone conditions. Mechanical loading is known to play a potent role in bone 
regeneration and adaptation. Recently, the interest in high-frequency mechanical 
loading, associated with low loading magnitude grows. Indeed, an increasing number 
of studies have shown their effect on enhancing bone formation in distraction 
osteogenesis and fracture healing of long bone. Clinical studies have shown an 
improvement of bone quality in both healthy and jeopardized conditions, such as in 
osteoporosis. 
The overall objective of this PhD research was to investigate the effect of mechanical 
loading, in particular high-frequency loading, on peri-implant bone healing and 
remodelling. More specifically, the tissue response under different loading 
frequencies/magnitudes or loading modes has been assessed. 
To investigate the response of healing versus healed peri-implant tissue to mechanical 
loading, the same loading was applied onto implants either immediately after implant 
insertion (immediate loading group) or after a healing time of 28 days (conventional 
loading group). Bone (re)modelling and vascularization in the peri-implant tissues were 
unaffected by both loading regimes. In the tissues of the implant‘s vicinity, however, 
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the observed gene expression changes were different in case of immediate versus 
conventional loading. Also an enhanced bone-to-implant contact was observed when 
loading was initiated immediately after implant insertion. 
In the following experiments, the effect of different immediate loading regimes was 
evaluated. The tested loading regimes differed in loading magnitude, frequency, 
duration, and mode (whole body vibration, direct and indirect implant loading).  
First, three consecutive experiments were performed to assess the effect of indirect 
high-frequency loading, via whole body vibration, on peri-implant bone remodelling. 
Both bone-to-implant contact and peri-implant bone density were significantly 
improved by the loading with a step-wise frequency band from 12 to 150 Hz at 0.3 g 
for around 10 min /day. 
When the loading session was shortened to 1 min 15 sec, 2 min 30 sec, 5 min and twice 
1 min 15 sec (with 4 h interval) respectively, the improvements of bone-to-implant 
contact and peri-implant bone density were still significant, compared to the unloaded 
controls. Among the tested loading sessions, the loading with a load-free interval 
presented the highest gain of peri-implant bone. 
To investigate the optimized frequency and acceleration of whole body vibration, the 
vibration protocols of different combinations of loading frequency and acceleration 
were applied. For all combinations (i.e. 12-30 Hz at 0.3 g, 70-90 Hz  at 0.3 g, 70-90 Hz 
at 0.075 g, 130-150 Hz at 0.3 g, and 130-150 Hz at 0.043 g), the loading combination 
with the highest frequency band and acceleration (e.g. 130-150 Hz at 0.3g) displayed 
the most favorable effect on BIC and BF, compared to the other test groups. 
Second, besides whole body vibration, another indirect loading protocol was performed 
thereby compressing an implant-containing long bone through its axis. The controlled 
compression was applied at both high- and low-frequency. Higher loading magnitudes 
(and accompanying elevated tissue strains) were required under low-frequency loading 
to provoke a positive peri-implant bone response, compared to high-frequency loading. 
A sustained period of loading at high-frequency was needed to induce overall enhanced 
effect on the peri-implant bone. 
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After that, two studies were carried out to assess the effect of direct loading on peri-
implant bone remodelling. In the first study, a small vibration motor was attached on 
the head of the implant to laterally stimulate the implant at 60±10 Hz. However, no 
pronounced bone response to the direct vibration was found. In the second study, a 
displacement-controlled loading was applied onto the implant through the implant axis. 
Four loading regimes were applied in this study: 1) HF-LM, 40 Hz-8 μm; 2) HF-HM, 
40 Hz-16 μm; 3) LF-LM, 8 Hz-41 μm; 4) LF-HM, 8 Hz-82 μm. The stimulatory effect 
of immediate implant loading on bone-to-implant contact was only observed in case of 
high-frequency (40 Hz) low-magnitude (8 μm) loading. The applied load regimes 
failed to influence the peri-implant bone mass. 
This series of studies confirmed the role of mechanical loading in peri-implant bone 
regeneration and remodelling. Although an influencing role was observed for all 
loading modes, we tend to believe that the high frequency loading through WBV holds 
most potential. 
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Orale implantaten zijn titanium schroefvormige kunstwortels die in het kaaksbot 
geplaatst worden ter ondersteuning van een gebitsprothese. Om klinisch succes te 
waarborgen, is osseointegratie vereist, hetgeen directe botappositie tegen een 
functioneel belast implantaat impliceert. 
Ondanks hoge succespercentages van meer dan 90% na 15 jaar follow-up, kunnen 
implantaten falen ten gevolge van ongunstige omstandigheden zoals gecompromit 
teerde botkwaliteit, botdoorbloeding e.d. 
In plaats van osseointegratie af te wachten alvorens een implantaat functioneel te 
belasten, is er tegenwoordig ook een trend om implantaten vroeg of onmiddellijk na het 
plaatsen te belasten waardoor de periode van discomfort voor de patiënten beperkt 
wordt. Hoewel ook dit protocol het klinisch goed doet, is het minder voorspelbaar in 
diverse klinische situaties (vb. i.g.v. slechte botkwaliteit, beperkte primaire stabiliteit 
e.d.). 
Om aan bovenstaande zaken te verhelpen, is het dus belangrijk om te zoeken naar 
manieren om de snelheid, voorspelbaarheid en kwaliteit van de implantaat 
osseointegratie te verbeteren om zo de prognose van implantaat therapie te verbeteren 
in het geval van gecompromitteerd bot of immediate belasting. 
We weten dat mechanische belasting een belangrijke rol speelt in regeneratie en 
hermodelering van het bot. Meerdere studies geven aan dat hoog-frequente belasting 
(gecombineerd met een lage belastingsgrootte) een stimulerende rol kan spelen bij 
distractie osteogenese en fractuurheling. Ook klinische studies toonden een impact aan 
op de botkwaliteit in zowel gezonde als gecompromitteerde botcondities. 
Het hoofddoel van deze thesis is het onderzoeken van het effect van mechanische 
belasting, in het bijzonder de hoog-frequente belasting, op de heling en hermodelering 
van het bot rond implantaten. Meer specifiek werd de weefselrespons rond implantaten 
nagegaan bij verschillende belastingsfrequentie en –grootte spectra en verschillende 
belastingsmodes.  
In een eerste studie werd de peri-implantaat botrespons op belasting vergeleken tussen 
immediaat versus uitgesteld (28 d na implantatie) belaste implantaten. Hoewel zowel 
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de bothermodelering als de doorbloeding niet verschillenden tussen de immediaat en de 
uitgesteld belaste implantaten, waren er wel verschillen te zien in genexpressie. Ook 
werd een betere osseointegratie vastgesteld wanneer de belasting direct na implantatie 
werd aangebracht. 
 In de experimenten die daarop volgenden, werd de invloed van verschillende 
immediate belastingsprotocollen bestudeerd. Deze belastingsprotocollen varieerden in 
belastingsgrootte, -frequentie, -duur en –mode (whole body vibration, directe belasting, 
indirecte belasting). 
Eerst werden 3 studies gedaan waarbij het effect van whole body vibration werd 
geëxploreerd. Hieruit bleek dat whole body vibration (12 tot 150 Hz, 0.3 g, ca. 10 
min/dag) zorgt voor een significante toename in zowel bot-implantaat contact als peri-
implantaat botdensiteit. Ook bij een verkorte belastingsduur (1 min.15 sec., 2 min.30 
sec., 5 min., 2 x 1 min.15 sec. met een tijdsinterval tussen van 4 uur) was er nog steeds 
een significant stimulerend belastingseffect. Het belastingsprotocol waarbij de 
belasting kort (1 min. 15 sec.) in 2 sessies per dag, maar met een tijdsinterval van 4u 
werd aangbracht, had het grootste botstimulerende effect.  
Om het effect van belastingsfrequentie en –acceleratie van de whole body vibration te 
evalueren werden opnieuw verschillende belastingsprotocollen uitgetest (12 to 30 Hz - 
0.3 g, 70 to 90 Hz - 0.3 g, 70 to 90 Hz - 0.075 g, 130 to 150 Hz - 0.3 g, and 130 to 150 
Hz - 0.043 g). Hierbij gaf het belastingsprotocol met de hoogste frequentie het beste 
resultaat. 
Naast whole body vibration werd ook een andere manier van indirecte 
implantaatbelasting uitgetest, waarbij een lang been met daarin een implantaat, 
gecomprimeerd werd volgens zijn lengteas. Deze gecontroleerde belasting werd 
aangebracht aan zowel hoge als lage frequentie. Uit de resultaten van deze studie bleek 
dat grotere belastingsgroottes nodig waren om in geval van laag-frequente belasting 
een botstimulerend effect te bekomen en dit in tegenstelling tot de hoog-frequente 
belasting. De periode van belasting moest in geval van hoog-frequente belasting wel 
lang genoeg zijn om een algemene verbetering van de osseointegratie te bekomen. 
Hierna werden ook 2 studies uitgevoerd ter evaluatie van het effect van directe 
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belasting op het peri-implantaat bot. In de eerste studie werd een kleine vibratiemotor 
op het implantaat aangebracht waardoor deze laaste gestimuleerd werd aan 60 ± 10 Hz. 
Hierbij kon geen significant effect op het bot worden vastgesteld. In de tweede studie 
werd een toestel ontwikkeld waarbij de belasting nauwkeurig verplaatsingsgeco 
ntroleerd direct op het implantaat kon worden aangebracht. In deze studie werden 4 
belastingsregimes  ( 40 Hz-8 μm; 40 Hz-16 μm; 8 Hz-41 μm; 8 Hz-82 μm) geëvalueerd. 
Enkel in geval van hoog-frequente belasting (40 Hz) aan een lage belastingsgrootte (8 
µm) werd een significant effect op het bot-implantaat contact vastgesteld. Er kon geen 
effect worden vastgesteld op de peri-implantaatbotdensiteit. 
Deze reeks van studies bevestigden de rol van mechanische belasting op peri-
implantaat bot regeneratie en remodeling. Hoewel een beïnvloedende effect werd 
waargenomen voor alle laden modi, hebben we de neiging om te geloven dat de hoge 
frequentie laden door middel van WBV heeft de meeste potentie. 
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